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INTRODUCTION

This report describes the work performed under NASA contract NCC8-146, over the period of
October 1, 1997 through March 31, 2001. Under this contract, UAH/CAO participated in
defining and designing the SPAce Readiness Coherent Lidar Experiment (SPARCLE) mission,
and developed the instrument’s optical subsystem. This work was performed in collaborative
fashion with NASA/MSFC engineers at both UAH/CAO and NASA/MSFC facilities.

Earlier work by the UAH/CAO had produced a preliminary top-level system design for the
Shuttle lidar instrument meeting the proposed mission performance requirements and the Space
Shuttle Hitchhiker canister volume constraints. The UAH/CAO system design efforts had
concentrated on the optical and mechanical designs of the instrument. The instrument electronics
were also addressed, and the major electronic components and their interfaces defined. The
instrument design concept was mainly based on the state of the transmitter and local oscillator
laser development at NASA Langley Research Center and Jet Propulsion Laboratory, and
utilized several lidar-related technologies that were either developed or evaluated by the
NASA/MSFC and UAH/CAO scientists. UAH/CAO has developed a comprehensive coherent
lidar numerical model capable of analyzing the performance of different instrument and mission
concepts. This model uses the instrument configuration, atmospheric conditions and current
velocity estimation theory to provide prediction of instrument performance during different
phases of operation. This model can also optimize the design parameters of the instrument.

SYSTEM REQUIREMENTS

UAH/CAO scientists and engineers actively participated in generating the system requirements
document for the development of SPARCLE. Based on an instrument system concept developed
carlier, the system design was analyzed in detail and the instrument optical and mechanical
interfaces between various subsystems Were specified. These subsystems include the transmitter
laser, local oscillator laser, beam expanding telescope, scannct, transmitter/receiver optical train,
beam misalignment compensator, and optical receiver. UAH/CAO team also participated in
defining the instrument control and data processing electronics. This task was performed with
close interaction with NASA/MSFC personnel to ensure that the system requirements are in
compliance with the mission objectives and the Hitchhiker accommodation requirements.

OPERATIONAL AND PERFORMANCE ANALYSES

Using a coherent lidar numerical model, the performance of the instrument was fully analyzed
using different atmospheric models over different mission operating modes. The results of these
analyses played a critical role in defining the requirements of the instrument electronic receiver,
and data acquisition/processing system. These analyses were also critical for defining the
instrument inertial reference data and pointing control requirements, command and control
format specifications, and data down-link and up-link requirements. Furthermore, the operational
and performance analyses helped the development of the mission operational modes.

The following charts describes the instrument design and top level specifications.
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SPARCLE INSTRUMENT DESCRIPTION

CAO Coherent Lidar Program CAOQ Coherent Lidar Program
SrAMmMoI UAH/CAO SPARCLE Responsibilitics and Tasks
SPARCLE was a technology demonstration P | Requi
Shuttle mission with the following key D ¥ K N e 2' Systemmﬁ:xnr:n;nr;s Analyses
objectives: - operal <
! 3. Optical Design and Analyses
o Demonstrate coherent lidar technology 4. Opt-mechanical Design and Analysis
capability of measuring atmospheric winds S. Optical Characterization Facility at MSFC
from space 6. Design, Analyses, Fabrication, and Test of Optical Subsystem:
B Validate coherent lidar wind measurcment Telescope
performance prediction models to confirm Scanner Element
scalability to follow-on missions Optical Wind
ical Window
# Characterize atmospheric winds, acrosol Alignment Stages

backscatter, wind turbulence, cloud effects,
and surface reflectance for optimization of |
future sclence and operational missions

7. Optical Subsystem Integration and Test
8. Wideband Heterodyne Photodetector
9. Mission Operational Plan

10. Instrument Optical Integration and Test

Space-based Coherent Lidar System
CAQ SPARCLE System Specifications CAO Schematic

1o e g

Traasmitter Laser Energy Per Pulse 100 mJ
Pulse Repetition Rate 6 Hz
Transmitter Pulse Width 200 nsec
Aperture Diameter 233 em
Maximum Scanner Speed 45%5ec
Scan Full Angle 60
Wavelength 2.05 pm
Receiver Bandwidth 500 MHz
Trans./Rec. Boresight Alignment Budget 7.2 urad over putse round trip ime
Transmitter Beam Pointing Knowledge Accuracy 90 prad
Vertical Range Resalution 0m
Optical Subsystem Efficiency 0.1
Receiver Subsystem Efficicncy 025
UAH—
Q_&Q SPARCLE Concept Q_A,Q SPARCLE Instrument
SPARCLE instrumant was designed 10 be housed in Hitchhiker Canialers:
Developed system design concept and defined + The optica can contains the lidar scan and
system specifleations based on: acan stemeni
- Existing hardware, designs, and . Th Aranics cans contain all the nd

(gchnolgp'g Data M-n-mmnl Computer

« Compact, Metallic Telescope
« Silicon Wedge Scanner
« 75 pm diameter InGaAs detectors
+ LaRC, JPL, MSFC 2-micron Laser
Development
Step-Stare Scanning
Simple Receiver Optical Train
(No De-rotator or LAC)

~ Utilize NASA/Hitchhiker Program for ; R j
Space Shuttle accommodation

Performed System Perfoermsnce snd Operations]
UAH— UAH—

Radiator

Anslyses
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SPARCLE
CAQ

T o Optics Canister Configuration

Optical Window

Telescope Secandary

Aligamest Mirrar

Telescope Primary

OPTICAL DESIGN AND ANALYSIS

The lidar optical subsystem has two major functions: first, it expands the laser beam and directs
it toward the atmosphere in a conmical scan pattern. Second, it receives the backscattered
radiation, compensates for the scanner and spacecraft motions, and directs it toward the lidar
photodetector to be effectively mixed with the optical local oscillator. The optical subsystem
consists of a large-aperture telescope, a laser beam scanner, an optical window, and beam
routing and conditioning optics.

Earlier work had produced a preliminary optical subsystem design based on the general
requirements of a coherent lidar system considering the requirements specific to operating from a
space-based platform such as long pulse round trip times, and the high platform velocity. Based
on the UAH optical design and specifications, several prototype components of the optical
subsystems had already been acquired by MSFC. These components include a wedge scanning
element, a compact telescope (developed by UAH/CAO), polarizing beam splitter, laser beam
collimator, quarter-wave plates, mirrors, lenses, and optical mounts.

Early in the project, a complete optical analysis was performed on the optical subsystem to
specify the spatial properties of the transmitter and local oscillator beams. Optimization of these
optical elements is particularly critical for efficient optical heterodyne detection of the return
signal. A complete set of optical drawings was produced specifying all the instrument optical
elements and their positions.

The optical window, providing environmental isolation for the SPARCLE instrument, was
analyzed based on instrument performance and physical requirements such as effective optical
transmission, and operating temperature and pressure. The optical window was to maintain a
high degree of wavefront quality under a harsh space environment. The optical window required
a high optical quality while under considerable stress caused by the extreme temperature and
pressure differences between the sealed instrument canister and space. The instrument canister
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was to operate at about 15°C and one half of the atmospheric pressure. Additional description of
the window’s opto-mechanical analysis is provided in the following section. Based on these
analyses, a complete set of specifications (including both optical and mechanical specifications)
for the optical window was generated.

After completion of the design and analysis of the beam routing and conditioning optical train,
an end-to-end optical analysis was performed to quantify the performance of the instrument
optical subsystem including the optical window, optical wedge scanner, and the telescope. This
analysis included wavefront quality and polarization tracing for both transmitter and receiver
optical paths.

LIDAR OPTO-MECHANICAL DESIGN AND ANALYSIS

The opto-mechanical design and analysis of the optical telescope subsystem had two areas of
emphasis: athermalization (maintaining optical alignment in the presence of thermal gradients)
and dynamic load integrity (maintaining optical alignment through shuttle launch). The overall
system performance was the driver on the opto-mechanical design. Therefore, the thermal and
structural issues were investigated in parallel since both factors are linked. For example,
component masses affect the thermal equilibrium of the optical system (larger masses take
longer to come to equilibrium and allow for greater thermal gradients within the system) and
dynamic stability (larger masses will aid in dampening vibrations) and as such, a change to
improve one aspect could worsen another. Both of these areas are best addressed through a
detailed thermal and structural finite element analysis. In order to maximize productivity by
shoriny aralysis tools, UAH/CAO worked with Sverdrup, who had the task of performing a
structural dynamic analysis of the canister, to enhance their NASTRAN model to include optical
surfaces and increase the fidelity of the analysis. The areas that were investigation regarding the

thermal and structural analysis are described below.

Temperature effects, most notably the potential for thermal irradiation effects through the
window on the top of the canister containing the telescope optics, was investigated. The
potential for cyclic heating and cooling as the space shuttle moves in and out of the earth's
shadow may cause thermal gradients within the canister. These gradients and their variation
over time may lead to differential expansions of the telescope elements creating slight defocus.
This effect combined with the thermal gradient effects produced by the heat generated by the
laser system and the scanner motor was a serious concern. The athermalization of the telescope
design and optical structure by the use of similar materials with equivalent coefficients of
thermal expansion and careful mounting of the optical components mitigated any deleterious
defocus of the telescope. Therefore, a high fidelity structural finite element analysis
incorporating thermal loading conditions was performed to predict the potential severity of the
thermal gradient induced telescope misalignments in order to determine whether any special
adjustment to the optical system was needed. That was not the case, since the telescope design
incorporates all similar materials for the optical components and mounting structures resulting in
a very athermal design.

Thermal shock of the optical system was not a concern except for the canister window. The
window, once the canister lid is opened, would have been exposed to the thermal environment of
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the shuttle bay and depending on the conditions, it may experience a rapid and significant
temperature drop on the exterior surface. While this would not cause any concern to the window
integrity, it could have caused some slight temporary "lensing" due to thermal gradients until the
window reaches thermal equilibrium. This effect was shown to be minimal and did not impact
the optical performance.

Static loading of the telescope and its support structure were not a concern to its operation in
orbit, during assembly on the ground or during transport. The goal with regards to the structure
was to reduce the weight while maintaining stiffness and increasing ease of assembly. The
concern with regards to vibration and dynamic shock was that the system might experience
severe part dislocations during shuttle launch that would permanently impair optical alignment
of the more fragile components. This effect was evaluated through the use of finite element
analysis incorporating the expected g-force acceleration that is present during launch. The large
mass of the primary mirror works in the favor of the optical system because the mass will help to
dampen vibration.

TELESCOPE INTEGRATION AND TEST

Under an earlier NASA/MSFC sponsored work, a novel compact lidar telescope was designed
and fabricated and its merits for a space-based coherent lidar system were demonstrated. The
optical and mechanical designs of this telescope were upgraded for SPARCLE in order to further
reduce the telescope mass while maintaining its alignment robustness in the space environment.
These design upgrades were based on the results of the telescope perforraance measurements,
analysis of heterodyne detection efficiency, and the analyses of the Shuttle vibration and thermal
specifications.

The telescope structure design was modified in order to withstand the Shuttle launch load and
temperature variations. Its optical design was modified to eliminate the telescope’s tertiary
element for easier integration with lidar transceiver. The tertiary component was used in the
demonstrator unit to provide variable focusing and a wide field of view not needed for
SPARCLE. A complete set of fabrication drawings were then gencrated and all the optical and
mechanical components were fabricated. Upon completion of the telescope structure fabrication
and testing of the mirrors, the telescope was assembled and characterized. Two telescope units
were assembled and tested. The telescope characterization was performed at the 2-micron
Receiver Characterization Facility, developed earlier by UAH/CAO personnel, and the 18” Zygo
Interferometer at NASA/MSFC. The telescopes were then subjected to a series of thermal and
vibration tested. The following sections describe the telescope design, fabrication process,
assembly, performance, and environmental tests.

OPTICAL SUBSYSTEM INTEGRATION AND TEST

UAH/CAO personnel were responsible for assembling the optical subsystem and characterizing
its performance. The Optical subsystem included the optical window, scanner, telescope, beam
routing and conditioning optics. For some of the characterization tests, a continuous wave (CW)
2-micron lasers was used to measure parameters such as transmission, polarization, and
tranmissive wavefront quality. A detailed test plan was produced for performing environmental
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testing (thermal and vibration) and analyzing the results to predict the instrument operation in
space.

OPTICAL SUBSYSTEM
REQUIREMENTS OF MAJOR COMPONENTS

The optical subsystem has two major functions: first, it expands the laser beam and directs it
toward the atmosphere in a conical scan. Second, it receives the backscattered radiation and
directs it toward the lidar photodetector to be effectively mixed with the optical local oscillator.
The SPARCLE optical subsystem consists of a large-aperture telescope, a scanning element, an
optical window, and beam routing/alignment optics. The optical layout of the optical subsystem,
with the relative positions of its major components, is shown in figure 1.

30 LAYDUT

IN TH=2,@ & DEFORM
254 SPRRCLE DPTICS

Ye LI s/CRO/7URH

Figure 1. Optical Subsystem Layout

1. Telescope

The Telescope is a compact, afocal beam expander used for both transmitting the laser beam and
collecting the return radiation. The Telescope expand the transmitter beam from the transceiver
subsystem and direct it toward the scanner. The Telescope shall accept linearly polarized light
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from the transceiver subsystem and shall convert it to circular polarization. The Telescope shall
also collect the reflected laser radiation, after passing through the optical window and the
scanner, and compressed it to a small beam to be routed to the signal detector. The Telescope
shall also convert the polarization of the received radiation to a linear polarization which is
orthogonal to the polarization of transmitter beam generated by the transceiver subsystem.

Requirements

Beam Expansion Ratio 25:1

Single Pass Wavefront Quality 1/15 wave RMS at 2.0 um
wavelength over full clear aperture

Single Pass Optical Transmission 0.85 at 2.0 um wavelength

Input Clear Aperture Diameter 0.92 centimeter

Output Clear Aperture Diameter 23.3 centimeter

Total Backscattering Coefficient TBD
Vibrational Integrity as per CARS/HHG-730-1503-07
Maximum Permitted Envelope 38 (dia.) x 43 (height) centimeters
Survivability Temperature -40°C to 60°C
Operating Temperature 0°C to 25°C

Maximum Operating Temperature Gradient 8°C

2. Beam Routing/Alignment Optics

The Beam Routing/Alignment Optics shall provide for alignment at the interface between the
optical subsystem and the transceiver subsystem. The Beam Routing/Alignment Optics consist
of high reflective mirrors and alignment mounts. The Beam Routing/Alignment Optics shall
nrovide the routing and pre-flight fine-alignmert of the transmitter laser beam and return sign=!
beam.

Requirements

Single Pass Wavefront Quality 1/30 wave RMS at 2.0um
wavelength over full clear aperture

Single Pass Optical Transmission 0.95

Polarization Efficiency less than 4% difference in
transmission between S & P
polarization

Tilt range along x and y axes > 0.1 rad

Tilt resolution 50 microradians

Effective Clear Aperture 1.5cm

Maximum Diameter 50cm

Survivability Temperature -40 °C to 60 °C

Operating Temperature 0°Cto25°C

UAH Center for Applied Optics



Vibrational Integrity as per CARS/HHG-730-1503-07

3. Scanner Optical Element

The Scanner Subsystem provides step-stare, conical scanning of the transmitted laser beam and
receiver field of view. The scanner consists of a motor/encoder and an optical element. The
motor/encoder shall provide the controlled rotation and stop of the optical element. The optical
element is a silicon wedge which deflects the transmitted beam by 30 degrees. When the silicon
wedge rotated about an axis perpendicular to one of its faces, it permits conical scanning of the
lidar. The Scanner Subsystem shall mount to the top plate of the can at three attachment points.
The specifications for the scanner motor/encoder, including its mechanical and electrical
interfaces, have been defined in the Scanner Component Specification Document. The
specifications for the scanner optical element are as following.

Optical Wedge Requirements

Material Silicon

Deflection Angle 30+£1.0 degrees

Wedge Angle 11.7 deg.+10min.

Thickness at Center of Substrate 37.785 mm

Surface Figure 1/60 wave RMS at 2.0 pm or

1/6 wave p-v@0.633 micron on each
of the two surfaces

Surface Quality 60-40 scratch-dig on each

of the two surfaces
Polarization Efficiency less than 5% difference in

transmission between S & P

polarization
Optical Transmission 0.9 at 2.0 pm at required incident angle
Transmission Bandwidth greater than 8 nm centered at 2051

nm for 30 degrees incidence angle on

normal surface and 11.7 degrees incidence on wedged surface

Single Pass Wavefront Quality 1/30 wave RMS at 2.0 pm over full

clear aperture

Total Solar Reflection greater than 65% integrated
reflectance from 0.2 to 3.0 microns
wavelength at normal and 75 deg.
incident angles as defined in
attachment (1). Solar reflection

coating shall be applied to the top surface.

Totla IR Reflection greater than 48% integrated
10
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Clear Aperture Diameter
Physical Diameter
Edge Finish

Survivability Temperature
Operating Temperature

Vibrational Integrity

4. Window

reflectance over 7.0-20.0 microns
region of spectrum at normal
incidence as defined in attachment (2).

22.8+0.2 centimeter
24.71+0.00-0.06 centimeter
Ground edge, break all sharp edges

-40 °C to 60 °C
0°Cto25°C

as per CARS/HHG-730-1503-07

The window shall provide the separation between the vacuum and internal optic can. The
Window permits the transmission of the laser pulse and reception of the reflected laser signal,
respectively. It is mounted on the Top Plate and forms a vacuum seal to it.

Material
Maximum Diffrential Pressure Deflection

Parallelism of Surfaces
Surface Figure
Surface Quality

Polarization Efficiency

Optical Transmission

Transmission Bandwidth
Pass Wavefront Quality

Total Solar Reflection

Totla IR Reflection

UAH

11

Fused Silica

less than 2.5 um at the center of
window due to 0.5 atm differential
pressure

better than 1 min.

1/60 wave RMS at 2.0 pm on each
of the two surfaces

60-40 scratch-dig on each

of the two surfaces

less than 5% difference in
transmission between S & P
polarization

0.88 at 2.052 um normal and 30
degrees incidence angles

greater than 8 nm centered at 2051 Signle
1/30 wave RMS at 2.0 pm over full
clear aperture

greater than 80% integrated
reflectance from 0.2 to 3.0 microns
wavelength at normal and 75 deg.
incident angles as defined in
attachment (1). Solar reflection
coating shall be applied to either
outer surface or both surfaces.

greater than 18% integrated
reflectance over 7.0-20.0 microns

Center for Applied Optics



Homogeneity

Relative Temperature Coefficient of

Refractive Index

Clear Aperture Diameter

Substrate Diameter

Substrate Edge Finish

Substrate Thickness
Survivability Temperature
Operating Temperature
Vibrational Integrity

Definition of Integrated Solar Reflectance

region of spectrum at normal
incidence as defined in attachment (2).

less than 4X10°° variation in index
of refraction

10K

Greater than 29.79 centimeter
31.385+000-0.1 centimeter
Ground edge, break all sharp edges
5.08+0.1-0.0 centimeter

-40 °C to 60 °C

0°Cto25°C

as per CARS/HHG-730-1503-07

The integrated solar reflectance is defined by the following equation:

2.0
[E(1)- R(A)dA
R - 0..!2

Solar 2.

—_—o

E(A)dA

%

0

where Rsq is the solar reflectance per surface, R(A) is the reflectance of the coating as a

function of wavelength, A, and E(%) is the solar irradiance spectrum based on Plank’s law with a

black body radiation temperature of 5560 Kelvin,

1

/ b
e?’t -1

E(A) = 1“’?

where A is the radiation constant and B=2.5 8775X10° m. The calculation of Rgolar can be

approximated numerically by the following expression:

ZE(&)'R(A,')
R _ A

Solar : ZE(/{,) ’
A

Rs,iar shall be caluclated with a wavelength resolution of no larger than 50 nm over the range of

0.2 to 3.0pum, i.e., A j+; — A £ 50 nm.

UAH
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Definition of Integrated IR Reflectance

The integrated IR reflectance is defined by the following equation:

jE(,l) - R(A)dA
Ry =

j E(A)dA

where Ryg is the IR reflectance per surface, R(A) is the reflectance of the coating as a function of
wavelength, A, and E(}) is the IR irradiance spectrum based on Plank’s law with a black body

radiation temperature of 300 Kelvin,

4 1
Ed)= B -1

b

where A is the radiation constant and B=4.79596X10> m. The calculation of Rir can be

approximated numerically by the following expression:

ZE(’L)'R(’L)

R =2
' 2 E()
4

2

Rz shall be caluclated with a wavelength resolution of no larger than 50 nm over the range of
7.0 t0 20.0 pum, i.e., A j+; — A; < 50 nm.

13
UAH Center for Applied Optics



UAH

SPARCLE OPTICAL SUBSYSTEM
Design and Analyses

General Optical System Requirements
— UAH : d fl K, g&@» 5
Output Clear Aperture Diameter 22.6cm
Output Beam Diameter 18.5cm 1/e?
Beam Expansion Ratio 25:1
Field Of View 80 prad
Wavefront Quality /10 Wave RMS
Optical Transmission 64%
Beam Pointing Stability 4 prad/3 msec
Beam Pointing Error 28 prad in nadir and azimuth
Polarization 10% diff. between S and P transmissions
Scan Angle 30 degrees
Maximum Scanner Speed 45°%sec
Maximum Permitted Envelope 38 (dia.) x 43 (height) cm
Survivability Temperature -40C to 60C
Operating Temperature 0C to 25C
Operating Temperature Gradients 8C
Pressure 0.5 atm
¢ IPL
K *
S ?AKC LE COHEREN ;ﬁECHNOLOG’ESI INC.
4 P
UAH Beam Expanding Telescope
— L Comor Kor Appied O @

S

gclrl. W,
NARA B

PARCLE telescope design was based on the prototype system

Modified optical and opto-mechnical designs to comply with the thermal
environment of the Hitchhiker canister without a complex mechanical design

Design modifications took advantage of relaxed requirements resulting from
selection of step-stare over continuous scanning for SPARCLE

Followed the same mirror fabrication method as before

Telescope consists of two parabolic mirrors as opposed to earlier system that
uses a parabolic primary mirror, hyperbolic secondary mirror, and a tertiary
negative lens

ECHNOLOGIES, INC.
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_ UAH Beam Expanding Te{?scope C AO .

. Contoe fo0 Appan Opares. "]

Telescope design utilizes the experience and lessons learned from the
fabrication and assembly of the demonstrator system
«  Utilized optical measurements data to further optimize the optical design

+ Incorporated alignment lessons into the opto-mechanical design
« Accommodated the thermal environment of the Optics canister

«  Addressed the integration issues with the Transceiver

Advantages Over the demonstrator system

» Greater efficiency without lens
+  No dn/dT effects from lens to defocus telescope
+  Easier to align and test (Visible HeNe beam and ZYGO interfrometer can be

directly used)
fﬂl.
S ?A “-‘c L E "ECHNOLOGIES, INC.
Beam Expanding Telescope
— UAH fo iy o

Optical Design Description

— Off-axis two confocal parabola mirrors configuration

-~ Magnification = 25X

— Primary Aperture = 10” with 5.9” de-center

— Two mirrors spacing = 8.9” (225mm)

— Full field of view = 80 Orad

— Primary mirror F# = 0.9 of parent F# =0.4

— Strehl Ratio= 99 %

— Wavefront Quality = better than A/15 RMS over all operational
conditions in space

— Mirrors Surface Roughness = less than 50 Angstroms RMS

gc, IPL

S PARC LE ECHNOLOGIES, INC.
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Beam Expanding Telescope
_ UAH panding Telescop

e

Coamwe e 4 ppied Opdies.

Design Attributes
* Athermal Design
—~ Telescope mirrors and support structure are all made of the same
Aluminum material
~ The thermal expansion of the support structure are perfectly balanced
by the changes in radius of curvature and thickness of the mirrors to
maintain the system alignment

« Optical baseplate is diamond turned to serve as the optical reference surface
for telescope assembly and alignment

« Built-in alignment and assembly reference surfaces into mirrors

« Precision machined alignment pin holes into the mirrors and optical
baseplate for ease of assembly

+ Two alignment mirrors with 5 degrees of freedom (total) for interfacing with
icm the lidar transceiver

CrAmAl e
o B et G i

TECHNOLOGIES, INC.

B

_ U Beam Expanding Telesﬁcf)-?e CAQ

Coser har Apphed OpOes

i3

Primary Mirror

Reference Flat

Precision Pin Hole

Diamond Turned
Mounting Pad

gc,IPL
' n ‘ -ﬁ l E ECHNOLOGIES, INC.
@( Pl S ™ m
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_ UAH Beam Expanding T?ESCOPC CAO .

Pin to Reference Locanon

Optical Flat Reference Surfaces

Optical Baseplate

Center of Laser Beam from
Transceiver

Mounting of Telescope to

Can Structure Aligament Pin

for Lidar Structure

Alignment Pin
Center of Optical Beam

Pins for Alignmeat of

gc IPL Primary to Base Plate Alignment Hole

()
.\TECHNOLOGIES, INC.

L%
W
E
¢

Telescope Mirrors Fabrication Process
_ UAH p CAQ

3

=EEE

« Mirrors fabrication process is the same as prototype telescope

+ Primary Mirror and Optical Baseplate were diamond turned at LLNL
» Optical Baseplate does not require post-polishing or gold-plating

+» Secondary Mirror was diamond turned at UAH

Primary/Secondary

Primary Mirror

i?c IPL »,

(AT N Tal N =
DU AN Y b COHERENT %Brscwomclss. inc.
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- UAH Beam Expanding T?}éscope

o Comee tor \ppamet O0prscs. 2]

Primary Mirror on Large Optic Diamond Tuming Machin (LODTM)
at Lawrence Livermore National Laboratory

oL ‘ ) »
gc re™y: \'ﬂ“‘

S ?Hﬁ\c LE COHERENT!\Q\-&::ECHNOLOGIES. INC.
Beam Expanding Telescope
— UAH $

Alignment Tolerances

Some of alignment tolerances to achieve A/20 wavefront
quality (Requirement A/15)

mirrors spacing : 4.2 pm
X - de-center: 8.2 pum
y - de-center: 5.5 um
x - tilt: 23 urad
y - tilt: 35 urad

gc IPL
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— UAH

Opto-mechanical Assembly

Crmter tor \ppiend Optics.

Secondary Mimror Alignment Stages

5 DOF for Tip/Tilt and Centeration
| DOF Transianon for Focus ™
{Debonded After Ali

Secondary Miror ————
Mirror Support Fixture = |

Posta (Quy of 3) = |

21 m Beam Alignment ris <

Alignment Mirrors —___ |

Back Retum Reference Murtor N
{Removed price to Laser
Trnsceiver [ategration)

Base Platc Reference Plane
(Opnical Flaty ™

Alignment Fixture Orthogonal <
Reference Planes

7/

(Bench Maunted Only )

gc, IPL,

K

Cramer for Appied Opsion.

Performace Analysis

Fabrication Tolerance Analysis

Alignment Tolerance Analysis

Thermal Analysis

Structural and Dynamic Analyses

cIPL

t/

Design Case Strehl Ratio =99 %

Primary Conic Constant = +/- 0.3 pm
Secondary Conic Constant =+/- 1.0 pm
Mirrors Spacing = 4.2 um

De-center = 5.5 pm

Primary Tilt = 22 prad

Insensitive to 25 C bulk temperature variation

Steady-state temperature gradient tolerance =2 C
Withstands launch loads and Tolerates
scanner-induced vibration during operation

Telescope exceeds the wavefront quality requirement of /15

ECHNOLOGIES, INC.

g h.—A:S LE CO"ERENY:% \i‘.\fECHNOLOGIES, INC.
Telescope Analyses
_ UAH pe Analyses CAQ -
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Beam Expanding Telescope

Thermal Analysis
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— UAH

Scanner Optical Wedge

&

Cousor bt Agphiust Opains.

beam in a step-stare fashion

Design Specifications

Optical Wedge provides 30 degrees deflection angle for scanning the

— Material Silicon { n = 3.4508 @ 2.0518 :m)
— Wedge Angle 11.7 deg. +/- 10 min.
— Thickness of center 38.495 mm
— Polarization Circular
— Optical Transmission >0.9 at 2.051 mm at required incident angles
— Total Solar Reflection >65%
— Total IR Reflection > 48%
— Transmissive Wavefront Error 1/30 wave RMS at 2.051um
— Clear aperture diameter 22.6cm
- Physical diameter 247cm
gc JPL
s pA-\C LE COHEREN "ECHNOLOGIES, INC.
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- UAH Scanner Optical We?gg CAO

Comtee tor Appitet Opaven

e,

G

+  Optical Wedge is rotated by a precision
motor/encoder to provide a 30 degrees scanning
pattern

»  Flight unit design is almost identical to the
prototype Silicon Wedge, that was acquired and
characterized in FY 96

- Silicon Wedge design modifications for the flight
unit are:

— Physical diameter (Prototype wedge is 30 cm,
SPARCLE requires 24.7 cm)

~ High solar and IR reflection coating for better
thermal characteristics

gc IPL

S P A R c LE i&scnnommss, we.
Optical Window
oo UAH = Comer tve Appod Opaicn. @

+ Optical Window provides the optical interface between pressurized optics
canister and space

- Optical Window is made of a high quality Fused Silica with a multilayer
coating for high transmission at 2 microns and high reflectivity over solar
region of spectrum

« Dimensions: 12.75” Diameter, 2" thick

+ Optical Window is sufficiently thick to avoid deflection due to half atm. of
pressure difference between the canister and space

» Deflection of optical window can directly affect the optical wavefront quality
and consequently the lidar performance

§° - .

CHAR/MIE N
O B A Vet B ‘-. &’ECMOLOGESI INC.
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Optical Wedge and Window

_ UAH CAQ

+  Top surface of silicon wedge is 0.375 in. from bottom surface of window
to minimize window size in top plate

+  Window clear aperture: 11.5 in. diameter

Canister Top Plate

~

Window t
_—
-

Wedge Holder

Scanner

gc, 3PL

TECHNOLOGIES, INC.

i_,]]

UAI"I Thermal Environment of :he Wedge and Window
= s Center Wt \qpled Option.
One of main issues concerning the optical wedge and
window is the optical aberration caused by
temperature gradients in the optical materials Solar Heating
Earth Heating

T and AT
Within Window

T and AT
Within Wedge

+  Bulk temperature of wedge driven by conductive transfer of heat from scanner into wedge

+  Gradients in wedge driven by temperature diffcrence between wedge and window and the radiative
coupling of wedge to window

+ Bulk temperature of window driven by conductive coupling to top plate, solar heating, earth heating,
and radiative coupling to wedge

ey
TECHNOLOGIES, INC.

Ry
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UAH

UAH Measurement of Wedge Thermal Properties

]
L ET o

Interference pattern caused by a linear
temperature gradient of about 1°C over 2.5

Temperature profiles were determined
by calibrating the IR measurements
with the thermocouple data

yc, JPL,

CMARSA E
A Nt e e

ECHNOLOGIES, INC.

i

- UAH Optical Wedge Thermal Effgsts

Comter o Appind figicn @

« The analysis of the laboratory data provided the wedge critical dn/dT parameter
dn/dT = 163X10- with standard deviation of 6X10-6

+» Optical Modeling Result:
— Aberration: 0.1 wave RMS for 0.1 degree C of temp. radial gradient
- Pointing angle change: 40 prad/degree

+ High performance coatings were employed to limit the temperature gradients within
the wedge to less than 0.07 C

Surface Reflection Coating

Window Outside High Solar

Window Inside Surface Relatively High IR

Wedge Top Surface High Solar

Wedge Bottom Surface High IR

ycln
S ?A:s LE COMERENT 'ECHNOLOGIES, INC.
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Optical Characterization Facility

.
=L X

— UAH

Optical Flat ’

W25 RMS Interferometer

Transmission

Si Wedge

I v

Polarjzation

BP Filte  Vanable am.

Control Voluge

gcm. : S
't n . . " l E COHERENT“ ‘TECHNOLOGIES INC.
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Optical Characterization Facility

— UAH . g-‘é&@- ¥

An Optical Characterization Facility was developed at NASA/MSFC capable of testing
lidar optical components and subsystems at the operating wavelength of 2-micron

Interferometry (Wavefront Quality)
Optical Throughput
Polarization

~ Beam Profilometry
Dislocation planes

|

» This facility can also be used for
measuring 2-micron detection devices
and evaluating heterodyne receivers

¢ IPL
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OPTICAL SUBSYSTEM INTERFACES

1.0 SCOPE

This section covers all external optical and mechanical interfaces between the telescope and the
Lidar transceiver subsystem, between the optical wedge and scanner subsystem, between the
telescope to wedge subsystem, and between the window and top plate assembly. The Telescope
and the Laser Transceiver shall mechanically interface to opposite sides of a support plate that is
part of the Optics Canister internal structural skeletal system. The Wedge interfaces to the
scanner through a wedge mounting assembly. The window interfaces into the top plate directly.

This document dictates all optical interconnections necessary to interface the Lidar transceiver to
the telescope and the remaining optics in the optical subsystem. This document does not cover
operational sequences or alignment/integration procedures.

1.1 Description of operation

A collimated laser beam is generated in the Laser Transceiver and transmitted through the
Telescope/Laser Interface to the Telescope where it is expanded and directed along the system
optical axis (the axis is at point (0, Ay) shown in Figure 1), through the wedge where it is
diverted off axis, through the window and out of the canister and into the atmosphere. Returning
laser energy is collected in reverse order by the telescope, collimated, and passed to the
Transceiver through the Telescope/Laser Interface shown as a point with location (Bx, By) in
Figure 1. ‘

Can Axis
(Pounting Out of Urbriet Bay)
o

Top Plate

e

{4
L7 T td Hinge Axn
(locate away from orbiter wall)

Version 7/2/98 3:54 AM, Nol to scale

Figure 1. SPARCLE Coordinate System

A hole exists at the interface location to permit the passage of the laser beam in both directions.
The hole is centered on the point (Bx, By).
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1.2 Definition of Interface Location

To attain the desired performance, alignment of the Telescope to the Laser Transceiver must be
controlled, along with the optical quality of the beam at the Telescope/Laser Interface. The
physical/mechanical interface between the laser transceiver and the telescope occurs at the top
surface of the plate of the MSFC canister structural system. The optical interface is defined at
this same plane; but, for convenience of measurement and verification of laser performance and
convenience of measurement and verification of telescope optical performance, the optical
characteristics may be measured at a different plane from the interface plane.

The telescope optical performance measurement may be made up to 20 cm below the interface
plane as shown in Figure 1, prior to integration of either of the subsystems into the canister. The
Lidar laser performance measurement may be made up to 20 cm below the interface plane as
shown in Figure 1, prior to integration of either of the subsystems into the canister.

The optical axis of the system exiting the telescope is centered at location 0, Ax (0, 1.5235in.) as
shown and it is determined mechanically. The wedge and window diameters are oversized to
permit ease of integration such that decenter or clipping of the beam will not be a problem. After
completed assembly the optical system pointing direction shall be determined to increase
pointing knowledge.

2.0 Lidar Transceiver to Telescope Interface

2.1  Optical Beam Characteristics

The output beam from the lidar transceiver into the optics subsystem/telescope is designed to
have the following characteristics shown in Table 1.

Table 1. Lidar Transceiver Output Beam Characteristics

Beam Diameter 0.74 cm. +/-0.10 cm. at the 1/¢” intensity point
Half Angle Beam Less than 350 prad

Divergence

Beam Pointing Vector Along -z - axis (optical axis) +/- 0.5°

Located at (Bx, By) = 4.6, - 4.1 in.
Beam Pointing  Vector Within 75 prad from 0-25° C.

Position Stability
Beam  Pointing  Angle Short Term: < 25 prad (1 sigma) pulse to
Stability pulse.
Long Term: < 50 prad from 0-25 ° C ambient
temperature.
Polarization Circular to within 5% (intensity between two
orthogonal polarizations to be tess than 5%)
Beam Quality M* value of less than 1.4

The input beam to the lidar transceiver from the optics subsystem has the following
characteristics:
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Table 2. Telescope to Transceiver Beam Characteristics

Beam Diameter 0.9 cm. +/-0.20 cm.

Beam Pointing Vector | Along -z - axis +/- 0.5° located at (Bx, By) 4.6, -4.1 in.

Polarization Circular to within 5% (intensity between two orthogonal
polarizations to be tess than 5%)

Wavefront Quality 1/10 wave RMS at 2.0 microns wavelength

2.2 Electrical Interface
There are no electrical connections between the Telescope and the Transceiver.
2.3 Mechanical Interface

The centerline of the Telescope/Laser Interface Axis (Bx, By) shall be located at (4.600 in, -
4.125 in) with a tolerance of +0.001 in at the start of the integration and alignment process.
There shall be a hole in the support plate and the optics base plate at the same interface location.
The hole shall be centered on this position to a tolerance of +0.001 in and have a dimension of
4.25 x 4.50 in. as shown in Figure 2.

Laser Transceiver To
Telescope [nterface

Center of Laser Beam from

Transceiver
Center of Optical Beam
Mounting of Telescope to Emitted from Telescope

Can Structure (3 PL 1/4-28)

1/4 in. Pins for Alignment of
Telescope to MSFC Structure

1/4 in. Pins for Alignment of Mount of Primary Mirror to
Primary to Base Plate Base Plate (3 PL 1/4-28)

Figure 2. Optics Base Plate

The telescope interface to the support structure is entirely through the optics base plate shown in
Figure 4. It rests on three pads that are in contact with the canister structure and is positioned by
two 0.25 in. dowel pins and secured by three 0.25-28 UNF bolts, located as shown in the above
figure.

At the time of integration, the telescope optical axis and the laser transceiver axis shall be
roughly aligned to be parallel to the instrument optical axis (z-axis) as specified in the SRD. The
two mirrors within the telescope shall be adjusted to achieve best possible alignment of the
Telescope/Laser Interface axis after integration of the telescope and transceiver as shown in
Figure 3. After alignment verification, the mirrors shall be fixed in place to prevent further
adjustment or possible misalignment.
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The mirrors shall provide sufficient translation and rotation to permit the direction of the laser
beam from the transceiver onto the incident secondary mirror of the telescope.

Alignment Mirrors

i

i Centers of Rotation
Tip and Tilt | )
T .n\\\
‘ > 7 . Tip and Tilt

Mounting Bracket

L— Translation Stage

e

Figure 3. Lidar Transceiver to Telescope Optical Alignment Mirrors

After alignment, the Telescope/Laser Interface Axis shall meet or exceed short term and long
term pointing stability criteria as specified in the SRD. The short term (3 msec duration) pointing
stability of the laser beam axis at the Telescope/Laser Interface, defined as any additional motion
or tilt occuring after final alignment and during operation, shall not exceed 25 prad. Any
additional long term angular deviation shall not exceed 50 prad.

The xy-plane displacement stability of the Telescope/Laser Interface Axis, defined as the change
in the relative location of the laser beam from the final aligned position, shall not exceed £0.003
in. (£75 pum) during operation.

2.4 Thermal Interfaces

There is no thermal interface between the transceiver and the telescope.
3.0  Optical Wedge to Scanner Interface

3.1 Definition

The scanner unit is a component of the SPARCLE system. The scanner unit located within the
Optics Canister consists of the motor/encoder (manufactured by BEI) the optical wedge
(procured by NASA), and the wedge mounting fixture (procured by NASA). The purpose of the
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scanner unit is to accurately measure and position the laser beam to fulfill mission requirements
as specified in the SRD.

The purpose of the optical wedge is to divert the outgoing laser beam at an angle relative to the
z-axis of the canister by a nominal 30° to create a conical sweeping of the beam.

3.2 Electrical Interface

The scanner unit in Optics Can shall have be interfaced to the scanner controller unit through a
cable that supplies input power, incoming motor commands, outgoing data, and unit status. The
cable shall have connectors and a pin configuration as specified in the Scanner Component
Specification Document.

3.2 Mechanical Interface

The scanner shall be mounted to the top plate as detailed in the Scanner Component
Specification Document and the Scanner ICD and shown in Figure 4 and Figure 57.

Mounting Holes to
Scanner, 6 Places
Wedge Holder

Spacer

Scanner Surface for Wedge
Mounting
Bottom Plane of Window ‘J,

Figure 4. Wedge Assembly Interface to Scanner Surface
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Figure 5. Wedge Assembly

The centerline of the scanner axis (0, Ay) shall be located (0, 1.5235) with a tolerance of £0.05
in. at the start of the integration and alignment process. During alignment, shims shall be placed
as appropriate to orient the scanner and wedge assembly axis to the optical axis of the
experiment.

The wedge assembly consisting of the optical wedge, wedge bracket, and the fasteners shall be
mounted to the scanner unit with six bolts bolts as detailed in the Scanner Component
Specification Document.

3.3 Optical Interface

The top surface of the wedge, defined as the flat surface facing the window, and the bottom of
the window, defined as the window surface inside can #1, shall be no more than 0.50 in. apart
after integration and alignment.

4.0 Window to Top Plate Interface
4.1  Definition

Both the top plate and window are components of the SPARCLE Program. The top plate serves
to hold the optical window as specified. The window (procured by NASA) shall mechanically
interface to the top plate (fabricated by NASA) through a window mounting fixture or ring
(Figure 6).

4.2 Electrical Interface
There are no electrical connections between the window and the top plate.
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4.3 Mechanical Interface

The window shall be offset from the can centerline and shall be centered on the optical axis, (0,
Ay) located at (0.0, 1.5235 in) with a tolerance of £0.05 in. The angular deviation of the window
optical axis, defined as the difference between the normal to the top surface of the window
located at its center from the instrument optical axis, shall not exceed TBD urad at the time of
assembly. Any additional angular deviation (either static, transient or dynamic) shall not exceed
TBD prad during the operation, transportation, or storage, of the experiment.

The xy-plane displacement of the window optical axis, defined as the in-plane difference
between the location of the normal to the top surface of the window located at its center from the
location of the instrument optical axis, shall not exceed 0.02 in. after assembly or during
operation, transportation, or storage, of the experiment. The out of plane displacement of the
window, defined as pure piston motion along the z-axis, shall not exceed 0.10 in. after assembly
or during operation, transportation, or storage, of the experiment. The magnitude of the
deformation of the window, defined as the difference between the center and the edge of the
window, when integrated into the top plate and under operational conditions shall not exceed

0.00016 in. (4 pm).
4.4 Optical Interface

The top plate shall accommodate a window of fused silica with a thickness of 2.0 in. The
window once integrated into the top plate shall have a minimum clear aperture diameter of 11.5
in. with no obstructions within this clear aperture during operation. The top plate shall
accommodate the 12.25 in. outside edge diameter of the window. The top plate and window
mounting fixture shall include an elastic seal that will maintain the integrity of the environment
within the can and prevent the window from fracturing when exposed to space under the defined
opcrational temperatures and pressures. The window mounting fixture will withstand launch
loads without fracturing the window. The window mounting fixture shall induce no more than
TBD waves of stress induced optical birefringence within the window.

Optical Axis
A

Window Normal

Az
]
1
i
i

Window Center (A, A,)

Clear Aperture

Figure 6. Window to Top Plate Interface

The window seat, defined as the surface of the top plate that is in contact with the window, shall
be sufficiently clean of machining residue, burs, particulates, and sharp edges so as not to stress
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or fracture the window when assembled. The seat shall incorporate a gasket material with
suitable elasticity to create an environmental seal while still maintaining window positioning
tolerances over the specified loads, pressures, and temperatures.

Telescope Fabrication Process

1. PRIMARY MIRROR

Specification and Requirements:
Substrate Material ~ Aluminum alloy 6061-T6
Plated material Electroless Nickel with 11% of Phosphor by weight
Mass =8.0kg
Radius of curvature = 468.750 mm (Concave)
Conic Constant -1.00000 (Paraboloid)
Physical Aperture =260 mm

Optical Aperture =240 mm

Off-axis value =150 mm ( center of aperture to optical axis)
Surface Figure =A/4 peak - valley @633 nm wavelength
Surface Finish =30 A -50 ARMS

Surface Quality = 60-40 (scratch and dig)

Surface Coating = Gold

Reflectivity =98.5% @ 2.0 pm

1.1 Design of mirror blank

The light weighted mirror blank was designed based on the structural analyses. The machining
drawings were finalized based on finite element analysis of diamond turning machine fixture.
Two mirror blanks were machined at MSFC/EH or a selected machine shop. A 1" and a 127
Diameter witness samples of blank material from vendor were inspected and tested to ensure that
it would produce the parts with sufficient optical quality. Since the primary mirror has the shape
of off-axis parabola, two mirrors were needed for balancing during diamond turning of surfaces.
One of the mirrors was used for as spare to the flight unit.

1.2 Design of the fixtures of diamond turning machine

The fixtures serve as the interface of mirrors and diamond turning machine for completing the
optical fabrication with single-point diamond turning machine. The detail design of the fixture
was be completed with the collaborate with the Lawrence Livermore National Laboratory
(LLNL) engineers.

1.3 Rough machining and heat treatment of mirrors

The mirror blanks and fixtures was rough machined at selected machine shops. The mirror
blanks were heat treated and thermally cycled with liquid nitrogen and boiling water for stress
relief and thermal stabilization at UAH/CAO.
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1.4 Diamond turning of aluminum primary mirror

The Large-Optics Diamond-Turning Machine (LODTM) at LLNL was used for fabricating the
parabolic primary mirrors. LODTM is a well-characterized machine capable of satisfying the
figure accuracy requirement of the primary mirror.

1.5 Optical Testing

The 18" diameter ZYGO interferometer at MSFC/EB52 was utilized for testing the figure
accuracy. The mounting structure and concave retro-reflector were designed and built testing of
the mirrors. The surface finish was measured by WYKO TOPO -3D profiler.

1.6 Electroless nickel plating

The aluminum mirrors were plated with electroless nickel with 11% phosphor by weight at
MSFEC/EH Lab. A minimum of 0.005" of nickel plating thickness needed for final diamond
turning and polishing. The heat treatment was required for good adhesion (baking for 4 hours at

275°F).

1.7 Final diamond turning of nickel surface of the mirrors

The nickel plated mirrors were diamond turned again to the required surface finish by LODTM
at LLNL. The surface finish better than 150 A RMS was achieved at this step. The surface figure
accuracy of A/4 peak-valley at HeNe wavelength was achieved after this diamond turning.

1.8 Testing and Post-polishing of diamond turned mirrors

The diamond turned mirrors were polished on the polishing machine at SORL to get rid of the
diamond turning groves, and to achieve the surface finish of 30 A - 50 A. A ZYGO
interferometer set-up was used to monitor the surface figure changes. The surface figure of A/4
p-v at HeNe for the finish mirror need to be achieved. This surface figure gives about A/22 of
the RMS wavefront error of the primary mirror at 2.0 pm wavelength.

1.9 Gold plating of the post-polished mirrors

The post-polished mirrors were sent to EPNER Technology, New York for gold plating to
increase the reflectivity of the mirror. The reflectivity of better than 98.5% of the mirror surface
were achieved at 2.0 pm wavelength. A coupon of 1" diameter mirror was fabricated with each
mirror for gold plating. The gold plated coupons were used for reflectivity and ellipsometry
measurements.

2. SECONDARY MIRROR

Specification and Requirements:
Substrate Material ~ Aluminum alloy 6061-T6

Plated material Electroless Nickel with 11% of Phosphor by weight
Mass =20g
Radius of Curvature = 18.750mm (Convex)
Conic Constant = -1.00000 mm (paraboloid)
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Physical Aperture =32 mm

Optical aperture = 22 mm (10 mm dia. at off-axis of 6 mm will be used for
imaging. The whole symmetric mirror will be fabricated for easy
diamond turning, polishing and alignment mounting)

Surface Figure = M4 p-v @ 633 nm

Surface Finish =15-20A RMS

Surface Quality = 60-40 (scratch and dig)
Surface coating = Gold

Reflectivity =99% @ 2.0 pm wavelength

2.1 Design of the blank of secondary mirror

The secondary mirror blank was designed based on the telescope optical design and the diamond
turning machine dynamics characteristics. The secondary mirror blank design also addresses the
telescope integration and alignment issues. The rough machining drawings for producing the
mirror blank were generated. Two secondary mirror blanks were fabricated at selected machine
shops. The material of aluminum alloy used for this mirror was the same to the primary mirror.

2.2 Design of the fixture of diamond turning machine

The design drawings for the diamond turning fixture was updated to be compatible with vacuum
chuck of diamond turning machine. The fixture was machined with the blank of the mirror by
machine shop based on the mechanical drawings.

2.3 Diamond turning

After heat-treatment of stress relief and thermal stabilization, the aluminum mirror blank were
fabricated on the Pneumo ultra2000 diamond turning machine at UAH/CAO based on optical
design specification. The surface finish of better then 50A RMS can be expected at this step. The

surface figure of better than A/4 at HeNe wavelength was achieved.
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2.4 Optical testing
The surface finish was tested by WYKO TOPO-3D profilometer. The Taly-surf profiler was

then used to directly test the figure error of the mirror.

2.4 Eletroless nickel plating

The diamond turned aluminum secondary mirrors were electroless nickel plated at MSFC/EH
Lab along with the primary mirrors. The thickness of the nickel plating is 0.005".
Heat-treatment was needed after plating for a good adhesion (baking for 4 hours at 275°F).

2.5 Final diamond turning

The nickel plated mirrors were diamond turned again to the final surface finish requirements.
The surface finish of better then 80A RMS was achieved using the UAH machine. The surface
figure had to be controlled to better then A/4 at HeNe wavelength.

2.6 Post-polishing of diamond turned mirror
The final diamond turned mirrors were polished at SORL to surface roughness of better than 20

A RMS.

2.7 Final optical testing of the mirror
The final diamond turned mirror were tested and satisfied the specification.

2.8 Gold plating of the mirrors :
The finished mirrors were sent to EPNER Technology for high reflectivity of gold plating.

3. OPTICS BASEPLATE

The optics baseplate, that holds the primary mirror and the support posts for the secondary
assembly, were also diamond turned. The baseplate was fabricated using the same Aluminum
material as the mirrors.

3.1 Design of optics baseplate blank

The optics baseplate blank was designed based on the telescope optical design. Several
features were incorporated into the optics baseplate design to facilitate the telescope integration
and alignment procedures. The optics baseplate rough machining was performed at a selected
machine shop.

3.2 Design of the fixture of diamond turning machine

The design drawings for the diamond turning fixture were generated to provide the interface
between the baseplate blank and the LLNL LODTM. The fixture was machined at the same
time as the primary mirror fixture.

3.3 Diamond turning
After heat-treatment of stress relief and thermal stabilization, the optics baseplate blank was

fabricated at LLNL. The surface finish of better than 100 A EMS and surface figure of 2 at
HeNe wavelength was expected after diamond turning.
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3.4 Optical testing
The surface finish was tested by WYKO TOPO-3D profilometer. The surface figure was tested

by ZYGO interferometer.

The diagram below summarizes the telescope primary and secondary mirrors fabrication
process.

Primary/Secondary Mirrors Fabrication Plan
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SPARCLE Telescope Performance

Beam Expander
Pre Post Interface
Primary Secondary ASSY ASSY Mirrors

Wave RMS@2p 1/67 1/125 1/42 1/18 1/50 (ea)

Wave P-V @2p /11 1/27 1/6 173 1/5

Performance improves in gravity-free space environment.

Gravitational Sag Tests

Secondary supported 1/22 wave rms

Rotate and measure Beam Expander wavefront

0 deg 1/18 wave rms
90 deg 1/31
180 deg 1/15
270 deg 1/30
Estimated Telescope (w/ interface mirrors) performance —
in orbit:
- Performance in the lab 1/15 wave rms
- Subtract gravity effect 1/18 wave rms

- Add thermal variations and gradients 1/15 wave rms
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Example of telescope Wavefront Data
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Thermal Tests
Operational Temperature Cycles

40
) 1 hour 2cycles: -10Cto+35C
Measurements 5cycles: -5Cto+30C
30 A .
20 min.
20 1
10 1

T T

Temperature (deg. C)

-10 A

O T T T T T
0 }?1((/120 200 250 3W400 450 MSO

-20
Time (min.)

Performance is measured from -10°C to 35°C at 10°C intervals

Survivability Temperature Cycles

80

4 cycles:

0.5C/min. -40Cto+60C

40 -

J I

20

-20 1

-40 ]

-60 ] 3 T 1 ' T
0 100 200 300 400 500 600 700 800

900

Performance is measured before and after 4 cycles
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Temperature at several strategic locations of the telescope were measured and recoded during
the thermal test.

Thermal Tests
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Telescope wavefront performance was measured before and after application of Shuttle
qualification loads.

Random Vibration Spectrum

)00

ASD (g*/Hz)

0.001
Frequency (Hz)

Acceleration Spectral Density
Qualification Levels

Frequency ASD Level
(Hz) (g/Hz)
20 0.01
20-50 +4.5 dB/oct
50-600 0.04
600-2000 -3.5 dB/oct
2000 0.01
Composite 7.0grms

Duration = One minute per axis

A sine sweep vibration test was conducted in each axis. The sine sweep was from 5 to 2000 Hz
at one octave per minute, one sweep up, with an input amplitude of 0.25 g peak-to-peal.

Vibration Test on SPARCLE Telescope
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Wide Bandwidth Heterodyne Photoreceiver

A space-based coherent lidar system requires a frequency-agile local oscillator laser to
compensate for the large Doppler frequency shift caused by the spacecraft motion. Since the
laser beam is conically scanned and the spacecraft velocity is not constant, the frequency of the
local oscillator (LO) laser must be controllable over a several GHz tuning range. Therefore, it
is necessary to monitor the local oscillator frequency in order to generate the necessary control
signal for the LO laser feedback control network. For the SPARCLE instrument, the required
tuning range of the LO laser is about +/-4GHz which requires a heterodyne photoreceiver with
a bandwidth of at least 4.5 GHz. In an earlier work, UAH/CAO had demonstrated that a 2 GHz
3-dB bandwidth heterodyne photoreceiver, operating at 2 microns wavelength, was feasible.
The same receiver would have a useful bandwidth of over 4 GHz sufficient for monitoring the
MO/LO frequency difference.

MO/LO Wideband Detector Specifications

Description

High speed InGaAs detector, with bias circuit, packaged in a housing with fiber optic pigtail
and SMA connector output port meeting the following specifications.

Performance Specifications

The wideband detector performance is shown in the figure below as a function of output signal
frequency. The detector performance is defined as the signal power into a 50 ohms load. The
detector performance is shown in the figure. The detector output frequency is equal to the
frequency difference between the Master Oscillator (MO) laser frequency and Local Oscillator
(LO) laser frequency. The detector performance assumes that MO and LO beams are mixed
before being launched into the detector fiber pigtail. The two curves in this figure correspond to
lower and upper bounds of the detector output signal power. The detector output signal power
1s given by:

Pgignat (f) =2 p* Re (Pmo Pro) H(f)

dBm = 10 log (Psigna /1mW)

The followings are the parameters used for estimating the detector performance.
MO optical power = 0.75 mW

LO optical power = 0.75 mW
Detector load impedance = 50 ohms
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Physical Specifications

Fiber optic pigtail

Fiber optic length

Fiber cable reference number

Fiber optic connector

Fiber optic connector
reference number

Output signal connector

Bias voltage connector

Package type
Package specifications
Epoxies

-5 volts
50 ohms

50/125 microns core/clad multi-mode Fiber
30 centimeters

RIFOCS Part Number HO5

AVIM-PC connector

RIFOCS Part Number D-6206.6
SMA female

Manufacturer: MACOM-OMNI SPECTRA

Part number: 2058-5029-00

SMC

Manufacturer: MACOM-OMNI SPECTRA

Part number: 5058-0000-09

Square with 4 mounting screws

Dimensions and interfaces as per drawing below
TRA-BOND BB-2116 DuPont 5504N
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Package Specifications
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Measured Frequency Response of the Wideband Detector
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Optical Integration

Comver tar Appited Opaies

Optical Integration Plan Summary

« Mount the optics canister internal structure assembly
onto the Ground Support Equipment (GSE) fixture

+  Mount the telescope in the interface handling GSE

«  Lower the telescope into position and align the feducial
indicators

« Mount the telescope to the structure intermediate plate

- Mount the assembled structure in the verticle interface
ground support fixture

« Install the reference HeNe laser and align it to the
reference mirror installed on the telescope optics baseplate

+ [nstall the feducial alignment indicators and align them to
HeNe laser beam
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Optical Integration

Comnt for Appied pbies

Optical Integration Plan Summary (Cont.)

Mount CTI Slave Oscillator Optical Bench to the structure intermediate plate

Align the two micron laser to the alignment Feducials

Mount the scanner motor/encoder to the top plate

Mount integrated scanner motor/encoder and top plate to the structure

Install silicon optical wedge in the scanner motor/encoder

Align the scanner and optical wedge using the reference HeNe laser

Install and align the window in the top plate using the reference HeNe laser
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| e
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Simulated Far Field Measurements

Craare tar ppiiod Upsics

¢ Simulated far-field measurements require a 25 cm beam expanding telescope
— R>500 m for a 10X telescope
— R>125 m for a 20X telescope
* Shorter target range reduces atmospheric effects
* Atmospheric effects can be further minimized by using MSFC X-ray or
Straylight facilities

T e .
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Design and Operational Characteristics of the Shuttle Coherent Wind Lidar

Farzin Amzajerdian, Gary D. Spiers, Bruce R. Peters, Ye Li, Timothy S. Blackwell, Joseph M. Geary
Center for Applied Optics
The University of Alabama in Huntsville
Huntsville, Alabama
Phone: (205) 890-6030, Fax: (205)890-6618, E-mail: farzin.a@msfc.nasa.gov

INTRODUCTION

Ongoing NOAA interdisciplinary investigations rely on data from various satellite instruments, other sources, and
a variety of models to construct an integrated view of atmospheric climate. Topics of interest include the role of
circulation, clouds, radiation, water vapor, and precipitation in climate change and prediction, and the role of
ocean-atmosphere interactions in the energy and water cycles. Without quality data anchoring improved models, it
will be difficult to achieve a comprehensive understanding of these global processes. NOAA has identified the
measurement of atmospheric wind velocities as one of the key unmet data sets for its next generation of sensing
platforms.

The merits of coherent lidars for the measurement of atmospheric winds from space platforms have been widely
recognized; however, it is only recently that several key technologies have advanced to a point where a compact,
high fidelity system could be created. Advances have been made in the areas of the diode-pumped, eye-safe, solid
state lasers and room temperature, wide bandwidth, semiconductor detectors operating in the near-infrared region.
These new lasers can be integrated into efficient and compact optical systems creating new possibilities for the
development of low-cost, reliable, and compact coherent lidar systems for wind measurements. Over the past five
years, the University of Alabama in Huntsville (UAH) has been working toward further advancing the solid state
coherent lidar technology for the measurement of atmospheric winds from space. This work has been conducted
in support of a NASA technology development initiative led by the NASA Marshall Space Flight Center (MSFC)
and supported by the NASA Langley Research Center (LaRC) and Jet Propulsion Laboratory (JPL). As part of
this effort, UAH had established the design characteristics and defined the expected performance for three
different proposed space-based instruments: a technology demonstrator, an operational prototype, and a 7-year
lifetime operational instrument.

SPARCLE is an ambitious project that is intended to evaluate the suitability of coherent lidar for wind
measurements, demonstrate the maturity of the technology for space application, and provide a useable data set for
model development and validation. The SPARCLE instrument will be developed, deployed, and operated by a
team led by NASA/MSFC, which will provide project management, instrument command and data management
unit, support systems (power, thermal, etc.), integration and space qualification. NASA/LaRC, JPL, and Coherent
Technologies, Inc. (CTI) are collectively responsible for providing the laser subsystem. UAH will provide the
instrument optical subsystem, opto-mechanical design, mission simulation, integration support, and calibration.
NASA Goddard Space Flight Center will provide Hitchhiker (HH) Canisters, and shuttle interfaces. This paper
describes the SPARCLE instrument’s major physical and environmental design constraints, optical and

mechanical designs, and its operational characteristics.

LIDAR SYSTEM

The SPARCLE instrument shown, schematically in figure (1), is a compact and relatively low power solid state
coherent lidar designed to fit within the volume, mass, and power constraints of two pressurized space shuttle
Hitchhiker canisters. The laser subsystem consists of three diode-pumped Ho, Tm:YLF lasers: a pulsed transmitter
laser, a continuous wave (CW) master oscillator (MO) laser, and a CW local oscillator (LO) laser. The
transmitter laser uses a part of the master oscillator laser output to generate stable, single frequency pulses which
are then expanded by an off-axis, afocal telescope and refracted by 30 degrees off nadir by a silicon wedge. The
wedge is rotated by a precision motor/encoder assembly in a step/stare fashion, to provide a conical pattern in the
atmosphere.




¥

19" International Laser Radar Conference

Annapolis, MD, July 6-10, 1998

\ Mirror

Optical ndow

PZT leeiqion Transmitter Laser
Drive ngpmg
y
Pused Laser y/
BS
LaserFre
antrgile //
Frequency SNBSS 1/
—1 L ocking 7 |LO Laser
FB Control
Align ment
L Frequency-Agil M"°r°47
LO Laser ’Bs P4
Optical Fibe %
Coupler Lens
Lidar Detector Laser Controller ;Scan Controller
Com mand
fonee | fem )
F Recelve AID Management Recoie
stem —

\l

Data Transmitter

h—"
Polarizing BS

Telescope

Scanner
Motor

Figure 1. SPARCLE System Schematic.

A small portion of the master oscillator laser output beam is used for frequency locking of the local oscillator
laser. The output of the LO laser is directed to the optical detector to be mixed with the signal beam. In order to
compensate for the large Doppler shift due to the spacecraft velocity and the earth’s rotational velocity, the
frequency of either the LO or MO laser is varied as a function of the azimuth angle of the conical scan and the
current orbit position. The returned photons from the atmosphere are collected by the telescope and fiber coupled
with the local oscillator beam. The output of the fiber optic coupler is focused onto a high-quantum efficiency,
wideband InGaAs detector. The general system parameters are listed in table 1.

Table 1. SPARCLE System Parameters

Transmitter Laser Energy Per Pulse 100 mJ
Pulse Repetition Rate 6 Hz
Transmitter Pulse Width ~ 200 nsec
Aperture Diameter 233 cm
Maximum Scanner Speed 45°%sec
Scan Full Angle 60°
Wavelength 2.06 pm
Receiver Bandwidth 500 MHz

Trans./Rec. Boresight Alignment Budget

7.2 urad over pulse round

trip time
Vertical Range Resolution 250 m
Optical Subsystem Efficiency 0.1
Receiver Subsystem Efficiency 0.25
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INSTRUMENT DESCRIPTION

As currently configured, the instrument will be housed in two pressurized Hitchhiker canisters. The laser and optical
subsystems will be placed in one canister (optics canister), and all the support electronics, data and command system,
and inertial navigation system will be packaged in the second canister (electronics canister). The canisters will be
connected by several cables for data transmission between canisters and for providing the necessary conditioned
electrical power to the optics canister system.

The integrated instrument optical design is shown in figure 2. The instrument opto-mechanical design allows for
maintaining the required optical alignment while meeting the Hitchhiker physical constraints. The opto-
mechanical design of the instrument is driven by the precision and accuracy required from the wind velocity
measurements. Accurate transmitter laser beam pointing is also required to ensure that the tunable LO laser
frequency adequately extracts the gross spacecraft and earth rotation velocities. Therefore, to meet the scientific
requirements, a pointing error budget was defined and used to derive the optical system structural and thermal
designs. The combination of tight alignment tolerances and the restricted volume, mass, and power constraints of
the Hitchhiker canisters forces an integrated design approach. The design goals and currently configured design
parameters for the optics canister are listed in table 2.

Table 2. Optics Canister Design Constraints

Parameter Design Goal Current Design
Volume 19.75" D X 28.25"H {19.75" D X 28.25" H
Mass 160 lbs. 240 1bs.

Power Consumption Not defined 180 W
Operating Temperature Gradient 20°C 4°C
Laser Cooling Fluid Temp. Range | 2°C 4°C

CONCLUSION

The current concept for the system configuration meets most of the stringent limitations imposed on volume,
mass, and power without sacrificing instrument performance. However, actual system performance will be driven
by the accumulated system level errors, especially those introduced during the integration of the various
components and subsystems. To minimize the impact of these integration induced errors, additional modeling
work is required. High fidelity system modeling will also be of benefit to completing the system optical and
mechanical designs, and useful for evaluation of the system performance. More work is required to complete the
instrument pointing knowledge sensor specifications and design its SW algorithms.
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Optical System for the Space Readiness Coherent Lidar Experiment
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Abstract
The SPAce Readiness Coherent Lidar Experiement (SPARCLE) s the first demonstration of a coherent Doppler wind
lidar in space. Operating at 2-micron wavelength, SPARCLE system performance is dominated by the optical quality
of the transmitter/receiver optical system. The stringent optical performance requirements coupled with the demanding
physical and environmental constraints have created the need for novel optical and opto-mechanical designs as well as
unique alignment and characterization techniques.

The SPAce Readiness Coherent Lidar Experiment (SPARCLE) is the first demonstration of a coherent
Doppler wind lidar in space. Global measurement of atmospheric winds has been identified by NOAA,
NASA, and the Department of Defense as one of the key unmet data sets for the next generation of
sensing platforms. SPARCLE will be flown aboard a space shuttle in early or middle part of 2001 as a
stepping stone towards the development and deployment of a long-life-time operational instrument in
the later part of next decade. SPARCLE is an ambitious project that is intended to evaluate the
suitability of coherent lidar for wind measurements, demonstrate the maturity of the technology for
space application, and provide a useable data set for model development and validation. This paper
describes the SPARCLE’s optical system design, its anticipated performance, and its operational
characteristics . The instrument’s optical characterization methodology and the integration issues will
be also discussed.

Coherent lidars can accurately measure the wind velocity by extracting the Doppler frequency shift in
the back-scattered signal from the atmosphere through optical heterodyne (coherent) detection.
Coherent detection is highly sensitive to aberrations in the signal phase front, and to relative alignment
between the signal and the local oscillator beams. Consequently, the performance of coherent lidars is
usually limited by the optical quality of the transmitter/receiver optical system. For SPARCLE having a
relatively large aperture (25 cm) and a very long operating range (400 km), compared to the previously
developed 2-micron coherent lidars, the optical performance requirements are even more stringent.

The functions of the optical system include expanding the laser beam, directing it to the atmosphere in a
conical scan pattern, receiving the backscattered radiation, while maintaining a highly accurate pointing
to ensure adequate extraction of the Doppler frequency shift due to the spacecraft and earth rotation
velocities. Therefore, the overall system performance is very much dominated by the telescope,
scanner, and the optical window used for environmentally isolating the lidar instrument. The stringent
optical performance requirements combined with the imposed size and mass constraints create many
challenges in the design, fabrication, assembly, and testing of the optical subsystems. The results of
optical measurements on the prototype telescope and silicon optical wedge scanner element, that have
already been fabricated, along with the results from the optical and mechanical analyses indicate that all
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the optical requirements including the wavefront quality, polarization purity, optical throughput, and
very low optical backscatter can be met over the specified physical and operational constraints.
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Optomechanical design of a multi-axis stage for the SPARCLE telescope
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Center for Applied Optics, The University of Alabama in Huntsville, Huntsville, AL 35899"

ABSTRACT

A critical component in the 2-um coherent spaced-based lidar system (SPARCLE) is the compact, off-axis, 25-cm aperture
telescope. The stressing optical performance demanded from this telescope coupled with the difficulty associated with
aligning such a fast, off-axis system; has created the need for a multiple-axis alignment stage for the secondary mirror.
Precision micrometer kinematic mounts were used in the laboratory to demonstrate the ability to successfully align the
telescope. For the flight configuration, a more robust and considerably smaller stage (both in size and weight) had to be
designed in order to fit within the space shuttle packaging constraints. The new stage operates with multiple degrees of
freedom of motion to achieve micrometer precision alignment and then uses a mechanical multiple point support to lock-in
the alignment and provide stability. The optomechanical design of the flight stage is described.

Keywords: lidar, telescope, optomechanical design

1. INTRODUCTION

Ongoing Earth Observing System (EOS) interdisciplinary investigations rely on data from various satellite instruments, data
from other sources, and a variety of models to construct an integrated view of atmospheric climate over the oceans. Topics of
interest include the role of circulation, clouds, radiation, water vapor, and precipitation in climate change, and the role of ocean-
atmosphere interactions in the energy and water cycles. These investigations attempt to incorporate the interactions among clouds,
water vapor, radiation fluxes, and various scales of motion from small-scale to planetary. These investigations often utilize existing
data to continue the development and testing of improved models; but this is often not enough. To maintain these activities,
additional data is needed. While new data can come from satellites, sensors, and ground stations, the quality of the data must fulfill
very exacting science requirements to be of use. Without quality data anchoring improved models, it will be difficult to achieve a
comprehensive understanding of global climate and predict future climate changes.

The surface climate of Earth is strongly influenced by the amount and distribution of water vapor, liquid water, and ice
suspended in the atmosphere. Seven-tenths of the surface of Earth is covered with ocean, so that processes that occur over the
oceans substantially determine the climate over land areas. The processes that control water in the atmosphere are very complex
and extend across a wide range of spatial scales from the few centimeter scale of turbulence in the boundary layer to the tens of
thousands that characterize the scale of global atmospheric circulation systems. Currently, no one sensor platform can adequately
obtain all the data needed to address this broad range of scales so it becomes necessary to synthesize data from a variety of
different sensor platforms at a number of different locations.

The prevalence of water instead of land covering the surface of the Earth further complicates the logistics associated with
using ground-based systems to monitor global atmosphere. While airbome sensors can alleviate some of these problems by
providing mobile platforms that can range over much of the earth, local weather, loitering time, and operations costs can limit their
use. The access of space-based sensors to the global atmosphere is not as limiting since satellites can theoretically gain access to
any portion of the atmosphere to provide long-term monitoring of atmospheric phenomena. A further advantage to satellite
sensors is that the satellite provides a unique viewpoint since it is above the atmosphere looking down and can thereby provided
easy access to the upper levels of the atmosphere. An integrated, multisensor-based, worldwide observation system is needed to
obtain the desired data and advance the scientific investigations. The multitude of issues associated with a scientifically complex
mission as this makes the identification, development, selection, and operation of different sensor platforms a critical task.

* Further corresponding author information -
Dr. Bruce R. Peters: Email: petersh@emailuah.edu; WWW: http-//www uah edu/cac/facnlty/peters html; Tel: 256-890-
6030 ext. 471; Fax: 256-890-6618.
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Despite many of the challenges mentioned above, the measurement of global atmospheric wind velocities, from ground to
upper atmosphere, remains one of the fundamental data sets necessary to advance the understanding and forecasting of weather.'
As stated earlier, logistics and instrumentation limitations conspire to limit the ability to obtain data on a globally relevant scale
with sufficient precision to support climate modeling. These limitations can be overcome by employing a space-based
measurement platform, specifically coherent Doppler lidar. Coherent Doppler lidar for horizontal wind velocity measurements
relies on the backscatter from aerosols in the atmosphere to derive a velocity map of the horizontal winds at a given height within
the troposphere. The Space Readiness Coherent Lidar Experiment (SPARCLE) is a first step towards demonstrating the feasibility
of measuring tropospheric wind velocities using the space shuttle in lieu of a satellite.” This is an ambitious project that intends to
evaluate the appropriateness of coherent lidar for wind measurements, demonstrate the maturity of the technology for space
application, and provide a useable global data set for model development and validation. SPARCLE has been selected for the New
Millennium Program and will be managed by NASA Marshall Space Flight Center (MSFC) where the instrument engineering and
integration will occur with additional support provided by NASA Langley Research Center (LaRC), NASA Jet Propulsion
Laboratory (JPL), The University of Alabama in Huntsville (UAH), Coherent Technologies Inc. (CTI), and Simpson Weather
Associates (SWA). SPARCLE will be packaged in two Hitchhiker (HH) canisters and flown aboard the space shuttle, scheduled
for early 2001.

2. COHERENT DOPPLER WIND LIDAR

The use of coherent Doppler lidar for determining wind velocity has long been recognized as a viable approac:h.3‘4 The
coherent Doppler lidar technique employs heterodyne detection to increase signal-to-noise (SNR) and thereby increase sensitivity
by overcoming the noise problems inherent in incoherent lidar systems.5 In operation, a short laser pulse is transmitted from the
instrument into the atmosphere. The photons scattered off of the aerosol particles within the atmosphere are collected by the same
telescope and focused onto a detector. The return signal is Doppler shifted due to the combination of the spacecraft and the
velocity of the wind driven aerosols. The signal is mixed with the frequency stable reference beam on the detector and the velocity
bias of the spacecraft is removed to determine the wind velocity. By scanning the laser beam about the nadir, different lines-of-
sight (such as looking forward and backward relative to the ground path of the satellite) for the same volume of atmosphere will
permit the calculation of the horizontal wind vectors.

A CO, laser Doppler wind lidar measurement capability was demonstrated as early as 1968 and lidar remains the only
space-based instrument capable of measuring tropospheric wind velocities.® MSFC conducted a series of studies to develop
instrument designs utilizing both CO; and solid state laser technology with an emphasis on spacecraft adaptation and reducing
system cost.”® While technologically feasible, the drawbacks to utilizing CO; lasers, such as greater mass, volume, power
requirements and cost, limited the development of a space-based system. However, with the advent of solid state laser technology
beginning in the 1980’s, a space-based wind velocity instrument became attractive.”'® The coherent Doppler lidar wind profiling
instrument first described in 1996"" has further evolved into the instrument used in SPARCLE.

Table 1. SPARCLE System Parameters

Transmitter Laser Energy Per Pulse 100 mJ
Pulse Repetition Rate 6 Hz
Transmitter Pulse Width ~ 200 nsec
Aperture Diameter 23.3cm
Maximum Scanner Speed 45%sec
Scan Full Angle 60°
Wavelength 2.05 ym
Receiver Bandwidth 500 MHz
Trans./Rec. Boresight Alignment Budget | 7.2 yrad over pulse round trip time
Vertical Range Resolution 250 m
Optical Subsystem Efficiency 0.1
Receiver Subsystem Efficiency 0.25

The SPARCLE configuration has selected a step/stare conical scan 30° off of nadir as a compromise between aligning to
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the horizontal wind component as closely as possible versus the signal loss due to long slanted paths through the atmosphere. The
desired accuracy of the wind velocity measurement for SPARCLE of 1 my/s, combined with the Space Shuttle accommodation
constraints determines the system parameters that are described in Table 1. The desired wind velocity accuracy drives the telescope
aperture size, the laser pulse energy, the system efficiency. Inherent in the lidar instrument is some lidar inefficiencies but there are
also SNR effects that lower overall system performance. Reference 2 has a detailed discussion of the affect of errors and both
SNR and non-SNR effects and this is beyond the scope of this paper. The result of this analysis is that the alignment and stability
of the lidar instrument becomes challenging in order to achieve the desired measurement accuracy.

The SPARCLE instrument, shown schematically in Figure 1, is a compact and relatively low power, solid state coherent
lidar. The instrument consists of a solid state laser transceiver, a beam expanding telescope and beam scanning optics, a support
structure, a thermal subsystem, and a computer based data management and control subsystem. As currently configured, the whole
system is packaged into two pressurized HH canisters with an internal volume of 5 ft’ each: the “optics can” or canister #1 and the
““electronics can” or canister #2 (Figure 2). The canisters have a 50 cm internal diameter and a nominal usable experiment length of
71 em. If additional volume is needed within the canister, the HH Program office has canister extensions to increase the can length
in regular increments. Located within the electronics can are the electronic control equipment, power supplies, data storage, and
system computer. The optics can contains the actual instrument sensing hardware such as the laser transceiver, the telescope, beam
scanning optics, and a heat exchanger system mounted within a structural frame (Figure 3). A number of cables provide
connections between the two canisters over which control signals, health and status monitoring, experimental data, and power is
transmitted.
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Figure 1. Schematic of compact low power, solid state coherent lidar.

The laser subsystem consists of three diode-pumped Ho, Tm:YLF lasers: a pulsed transmitter laser, a continuous wave
(CW) master oscillator (MO) laser, and a CW local oscillator (LO) laser. The laser transmitter uses injection seeded, room
temperature, diode pumped, pulsed, Tm,Ho: YLF laser technology demonstrated by LaRC. The transmitter laser uses a part of the
MO laser output to generate stable, single frequency, narrow spectrum pulses. The laser technology has been transferred to CTI to
be packaged into a more rugged and robust flight unit.'> As currently configured, the unit will function at 2.05 pm with 100 mJ of
energy per pulse at 6 Hz pulse repetition rate.

The output laser beam is expanded by an off-axis, afocal telescope and refracted by 30° off nadir by a silicon wedge
mounted in a rotating scanner. The wedge is rotated by a precision motor/encoder assembly in a step/stare fashion, to provide a
conical pattern in the atmosphere. The output of the LO laser is directed to the optical detector to be mixed with the signal beam.
In order to compensate for the large Doppler shift due to the spacecraft velocity and the earth’s rotational velocity, the frequency of
either the LO or MO laser is varied as a function of the azimuth angle of the conical scan and the current orbit position. The
telescope collects the scattered photons from the atmosphere and fiber coupled with the local oscillator beam. The output of the
fiber optic coupler is focused onto a high-quantum efficiency, wideband InGaAs detector.
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Figure 2. SPARCLE system in the Space Shuttle. Figure 3. Conceptual SPARCLE optics canister

The instrument optical design allows for achieving the stringent wavefront qualities and optical performance within the
tight physical constraints. The optomechanical design of the instrument is driven by the precision and accuracy required from the
wind velocity measurements which demands achieving and maintaining the required optical alignment through out a range of
operational scenarios and environments and within the HH physical constraints. The relative alignment of the received signal with
respect to the local oscillator beam (7 prad over a pulse roundtrip) is critical for maintaining a high detection efficiency.
Furthermore, accurate transmitter laser beam pointing (90 yrad) is also required to ensure that the tunable LO laser frequency
adequately extracts the gross spacecraft and earth rotation velocities. The combination of tight alignment tolerances and the
restricted volume, mass, and power constraints of the HH program forces an integrated design approach.

3. OPTOMECHANICAL DESIGN

The optomechanical design of the lidar system is concerned with the attributes associated with space-based sensors: low
weight, compact, stable. The typical approach is to select materials for the optical system that have very high microyield strength
(very stiff and usually brittle materials); but, these materials are also very expensive to fabricate. The system is going to need to
operate over a temperature range that is not abnormally large (currently 0-25°C for SPARCLE) but the wavefront quality must be
maintained throughout this range. Therefore, an athermal system is most desirable because the optics and the supporting structure
are fabricated from the same material. The system is considered athermal if the optical properties of the mirrors (radius of
curvatures, thickness, etc.) are perfectly balanced by the expansion/contraction of the structural supports such that the focus of the
optical system does not change and the system maintains alignment.

One way to achieve athermal operation with a low weight and a reasonably costed fabrication approach is to use metal
mirrors manufactured using single point diamond turning (SPDT) technology. The structural efficiency of Aluminum, the quotient
of the material’s elastic modulus (a measure of strength) and the material’s density, is more than adequate at 102.1compared to
73.5 for Invar, 96.6 for 304 Stainless Steel (SS), and 597 for Beryllium (Be). Furthermore, the optical surface of the mirror is
typically overcoated with electroless nickel after diamond turning. This is done because the nickel is harder and accepts polishing.
It is desirable to have the coefficient of thermal expansion (CTE) of the nickel coating (8.4 ppm/°F) closely match the CTE of the
bulk mirror material. The CTE of Aluminum is 13.1 ppm/°F compared to 0.7 ppmy°F for Invar, 9.6 ppm/°F for 304 SS, and 6.4
ppm/°F for Be. Because of its relative ease to machine, its availability, its good structural efficiency, and since it is a close CTE
match to the nickel coating, the metal of choice was Aluminum 6061. This is the approach selected for the SPARCLE telescope.

In theory, the placement of the optics relative to each other could be built into the supporting structure. The typical
machining tolerances available from low cost machine operations make this goal difficult to achieve with optical systems of this
level of required precision. Therefore, alignment adjustments are often built into the system or translation/rotation stages are used
to maneuver optical elements during system alignment. It is desirable to minimize the size and number of stages within flight
systems because of their added weight and volume. Therefore, the optomechanical designer needs to carefully consider the
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optimal location and complexity of alignment stages.

4. TELESCOPE PERFORMANCE

The overall function of the optical system is to expand the laser beam, direct it towards the atmosphere at a 30° nadir angle,
scan the beam in a conical fashion, collect the backscattered photons, and focus the energy onto the detector. The optomechanical
design and analysis was a critical component in the development of the optical system. Because of the demanding system
performance requirement, the choice of materials, the method of optics fabrication, the optics mounting approach, and the stability
of the structural system all had to be considered in parallel with the optics design. The relative tight tolerances on position and
alignment of the optics had to be maintained after experiencing launch loads aboard the Space Shuttle. In addition, the
optomechanical system had to function passively — no on-orbit active correction or re-alignment would be possible in the
SPARCLE system because of weight, volume, power, and cost constraints imposed by the selection of the HH canisters.

Table 2. SPARCLE Demonstration System Parameters as Designed

Input Beam Diameter 1 cm
Transmitted Beam Diameter 25 cm
Beam Quality Diffraction Limited
Scanning Mode Continuous and Step-Stare
Boresight Lag Angle Compensation 1 urad
Scan Full Angle 60°
Field-of-View 0.17°
230msm !
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Figure 4. First generation telescope design. Figure S. First generation telescope engineering model.

The first telescope design was based on an off-axis catadioptic configuration consisting of two mirrors and a collimating
lens. The off-axis configuration was selected to eliminate the diffraction effects from an on-axis obscuration because that would
degrade beam quality. This is important in a smaller aperture lidar system because coherent detection is highly sensitive to
aberrations in the wavefront. The off axis configuration also minimized the backscatter of energy onto the detector. The system
used a large diameter parabolic mirror and a hyperbolic secondary with an aspheric lens to expand a 1 cm diameter (measured at
1/e%) Gaussian laser beam to a diameter of 25 cm (Table 2). This system fit within a 230 mm length (Figure 4). In anticipation of
the SPARCLE mission, this telescope was designed, fabricated and tested as an engineering model.>"*

The telescope and support structure was fabricated from 6061-T6 Aluminum alloy to make the telescope athermal. The two
mirrors were rough machined, thermally cycled to remove stress and to stabilize the blanks before diamond turning the optical
surfaces. The aspheric surfaces were machined into the blanks using conventional SPDT technology in the Aluminum and then the
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surfaces were electroless nickel plated and turned to the final surface figure. Post polishing was used to remove the diamond
tooling marks and lower scattering by decreasing RMS surface roughness.

During the alignment of the system in the optics laboratory, it was found that a six degree-of-freedom (DOF) stage was
needed on the secondary mirror and a single axis stage on the lens in order to achieve the required collimation and best wavefront
quality possible. The complexity of the alignment requiring several multi-axis stages needed to be simplified.

5. SPARCLE TELESCOPE OPTOMECHANICAL DESIGN

In consideration of SPARCLE operational requirements, demanding different scanning patterns and accumulating several
laser shots in each direction for improved sensitivity, a step-stare scanning method was selected over continuous scanning. Another
reason for selecting the step-stare scanning method was to eliminate the need for optical derotator and misalignment angle
compensator components, thus reducing the complexity and cost of the instrument's optical system. As a result, the telescope
design became simpler. The step stare scanning lessened the constraint on the telescope by reducing its required field-of-view from
3 mrad to about 40 prad and eliminated the need for a back-relief space that would have been necessary for accommodating the
derotator and misalignment angle compensator. The revised requirements are summarized in Table 3.

With the revised requirements, the telescope design was modified from a catadioptic design to a two element all reflective
design. With the elimination of the lens, only the secondary mirror of the modified telescope needs to be adjusted to achieve
optimal alignment. Currently, the system is envisioned to achieve alignment through the use of a 5-DOF stage instead of a 6-DOF
stage on the secondary mirror, relying on complete radial symmetry of the secondary with respect to the optical axis to remove the
need for one axis of motion. The complexity of alignment and the desired stability of the system once aligned meant that the stage
could not be removed from the system prior to launch — the stage would have to fly.

Table 3. Second Generation SPARCLE Demonstration System Parameters as Designed

Input Beam Diameter 0.93 cm
Transmitted Beam Diameter 23.3 cm
Beam Quality Diffraction Limited
Scanning Mode Step-Stare every 22.5°
Boresight Lag Angle Compensation None Required
Scan Full Angle 60°
Field-of-View 40 yrad
B N

Figure 6. Improved telescope design. Figure 7. Preliminary SPARCLE optics canister.
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The complexity of the optomechanical design increased once the stage needed to fly because there were only two
approaches to consider: have the stage be stiff enough to survive launch loads and maintain alignment or develop a means to
anchor the stage after alignment which did not cause any stress induced creep over time. The first approach led to a robust design
that was far too large and heavy to be accommodated within the experiment envelope. The second approach was lower weight but
relied on a combination of mechanical and adhesive points to fix the stage in place after alignment. The latter approach was
selected with the plan to align the optics on the laboratory bench and continue monitoring and adjusting the alignment while the
adhesive cured. While this was labor intensive, it was lowest risk and acceptable since only one telescope system was going to be
needed for SPARCLE. In addition, to maintain athermal design, the new stage should ideally be Aluminum to be compatible with
the mirrors and telescope support structure. A solution in keeping with the philosophy of NASA to make use of high grade
commercial components when possible has led to the consideration of a commercial 5-DOF stage. Commercial high precision
linear actuators with electronic controls are more than capable of providing highly repeatable 0.1 um motion to achieve alignment.
The low weight of the secondary (on the order of 2 Ibs.) on the stage means that the actuators should have no difficulty in moving
the mirror. One plan that is being considered is to monitor the telescope alignment (through interferometry) and secondary mirror
orientation while applying slow-curing, low-shrinkage adhesive to selected areas of the stage to lock it in place. It is anticipated
that the force of the actuators will be able to overcome the small distortions of the stage induced by the adhesive curing process
and thereby realign the mirror. The adhesive contact at points will act much like an elastic flexure to provide tension to the stage.
Once cured, the mirror should be fixed in position and the power and cables connected to the actuators will be removed. Because
of the nature of the actuators, they will hold position with power down. If alignment is lost at a later date, the actuators can be used

again to reacquire optimal alignment.

The modified design (Figure 6 and 7) increased the telescope length by nearly 5 cm, but it relaxed the fabrication tolerances
and reduced system alignment complexity. Some other benefits were realized from this design approach. The removal of the lens
negated any thermally induced index of refraction changes that would have adversely affected telescope focus. Also, the longer
spacing between primary and secondary optics permitted a more gradual curvature on the primary and the use of a parabola in
place of the hyperbola on the secondary. This eased the surface figure requirements only slightly; but, optically slower parabolic
surfaces would be easier to fabricate and measure. The net effect is that the telescope has become easier to manufacture with the
potential for better performance.

6. SUMMARY
An operating engineering model of the SPARCLE optical system has been designed, fabricated, and tested from which
revised design specifications were derived. [n addition, the SPARCLE operational scenario was revised which facilitated a
redesign of the telescope. The net effect of both activities has produced a new telescope design. This design utilizes two mirrors
without the need for a lens to expand and collimate the laser beam and only one 5-DOF alignment stage on the secondary mirror.
Analysis is continuing to select the appropriate commercial alignment stage and the adhesive.
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ABSTRACT

This paper presents the test results on a compact, off-axis telescope which is the precursor
projector/receiver for a NASA Shuttle-based coherent lidar system operating at a wavelength of
2 microns to measure atmospheric wind profiles. The afocal telescope has an entrance pupil
diameter of 25 cm, and an angular magnification of 25x. To determine the transmitted and
returned optical wavefront quality, the telescope was tested in a Twyman-Green configuration
at the operational wavelength. Interferograms were obtained via an infrared camera, and
analyzed using a digitizing tablet and WYKO WISP software. Interferograms were obtained
with and without an 11.7 degree wedged silicon window located in the entrance pupil. This
window, which rotates orthogonal to the telescope optical axis, serves as the lidar system
scanner. The measured wavefront information from the interferometer was used in a GLAD
heterodyne receiver model to predict the effect of the optical system on the lidar performance.
The experimental setup and procedures will be described, and the measurement results of the

coherent lidar optical subsystem will be presented in this paper.

INTRODUCTION

The capabilities of coherent lidar systems for measurement of atmospheric winds have been
demonstrated over the past 3 decades through successful ground-based and airborne
campaignsl’z. However, it is only recently that several key technologies have advanced to a
point where a compact, high fidelity system, suitable for deployment in space, could be
developed. These technologies include high pulse energy, eye-safe, solid state transmitter
lasers; Reliable continuous wave tunable lasers for use as master and local oscillator sources;
Room temperature, wide bandwidth, semiconductor detectors operating in the near-infrared
region; and light-weight, compact, athermal telescopes and scanners with high quality optical
throughput. The lidar telescope and scanner along with their associated support structures
account for most of the weight and size budget of any space-based coherent lidar instrument.
Therefore, reducing their mass and size has a major impact on total mission cost. The imposed
size and mass constraints, combined with stringent optical performance requirements create
many challenges in the design, fabrication, assembly, and testing of such space based optical
systems. Coherent detection is highly sensitive to aberrations in the signal phase front, and to
relative alignment between the signal and the local oscillator beams. Consequently,
performance is usually limited by the optical quality of the transmitter/receiver optical system.
For relatively large apertures (25cm or greater), the lidar system performance is dominated by
its telescope, scanner, or any other optical components that the signal radiation must transmit
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through before entering the atmosphere. This includes any optical windows used for
environmentally isolating the lidar instrument.

In anticipation of a space shuttle technology demonstration mission, we designed and
fabricated a 25 cm prototype compact afocal telescope and specified a 30 cm polycrystalline
silicon optical wedge scanner element that was then built by Diversified Optical Products.
Both telescope and optical wedge were designed for operation at 2-micron wavelength in
accordance with NASA’s plan for the development and deployment of an eye-safe solid state
coherent lidar to be placed in a hitchhiker payload canister inside the bay of the space shuttle .

The telescope design is based on an off-axis catadioptric configuration consisting of two
mirrors and a collimating lens. This design eliminates any central obscuration generated by on
axis systems. This telescope addresses all the major design issues associated with coherent
lidars such as size, mass, wavefront quality, polarization purity, and very low optical
backscatter. In this paper, we will discuss the design, fabrication technique, and performance of
the telescope. Particular attention is paid to the interferometer configuration used for
characterization of the telescope and wedge, and how the resulting measurements relate to
coherent mixing efficiency and overall lidar performance.

OPTICAL REQUIREMENTS AND DESCRIPTION

The functions of a coherent lidar optical system include expanding the laser beam, transmitting it
to the atmosphere, receiving the backscattered radiation, and compensating for boresight errors
caused by the scanner rotation and any spacecraft orbital motion. Design trade studies such as
operational wavelength, atmospheric transmission, transmitted laser power, pointing accuracy and
instrument sensitivity collectively determine the overall system requirements. Optical system
requirements are additionally influenced by practical matters such as optical throughput, size and
weight constraints, as well as ease of manufacture, alignment, and testing.

The requirements specific to this technology demonstration are:
(1) input beam diameter of 1 cm

(2) transmitted beam diameter of 25 cm

(3) diffraction limited beam quality

(4) accommodate both continuous and step-stare conical scanning
(5) boresight lag angle compensation to within 1 micro-radian

(6) 30 degree transmitter deflection angle

The telescope should also incorporate efficient polarization conversion from linear to circular and
vice-versa for the transmitted and received beams. Optical transmission efficiency is a factor
because the instrument must be as sensitive as possible to weak backscattering from atmospheric
aerosols. The packaging constraints for this mission dictate that the system be more compact than
standard configurations which leads to a faster optical system with more difficult fabrication
requirements and tighter alignment tolerances. The optical design selected to meet these criteria
was separated into two components, a telescope subsystem and a scanner subsystem. The
telescope subsystem will perform the functions of beam expansion, polarization selection and
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boresight correction while the scanner subsystem will deflect the beam through the required 30
degree angle and generate the conical scan pattern. Both were designed to be compact, as light as
possible, and maintain optical throughput with high wavefront quality.

The beam expanding telescope design is an off-axis catadioptric system. An off-axis configuration
was sclected to eliminate any central obscuration which will degrade beam quality due to
diffraction effects. This configuration also reduces direct backscattering into the lidar system
receiver optical path. The telescope is a typical Cassegrain configuration with a parabolic primary
mirror and a hyperbolic secondary mirror. The packaging constraints for this mission dictate that
the system be considerably more compact than conventional configurations. To achieve such a
compact package, a fast optical design was employed which led to more stringent fabrication and
alignment tolerances. The telescope uses an aspheric negative tertiary lens to initiate expansion of
the transmitted beam and to recollimate the received beam. The lens material was chosen because
it transmits both the HeNe alignment beam wavelength and the 2.06 micron lidar system
operational wavelength. An antireflection coated quarter-wave retardation plate was used in this
design to distinguish polarization states between the transmitted and received beams. A lag angle
compensation mechanism was designed to correct for boresight misalignment, due to scanner
rotation during the round-trip time of a single pulse, to within 1 microradian. However, it was later
decided to employ a step-stare scanning pattern, as opposed to a continuous scanning, for the
technology demonstration instrument. The step-stare scanning eliminates the need for a dynamic
lag angle compensator and allows for accumulating several laser shots at each pointing direction
for improved sensitivity.

The optical layout of this compact telescope design is shown in Figure 1. The mirror axial spacing
is 17.5 cm and the field-of-view is 0.17 degrees. No obscurations are present in the design and
there is no vignetting. Further details of the optical design, wavefront error analysis and boresight
sensitivity analysis for the telescope may be found in References 34

Design of the mounting and support structure for the telescope must also be considered. The
primary requirements for this structure are that it be stable enough to maintain alignment during
deployment and that it be compact enough to be accommodated within the hitchhiker can
packaging constraints. The mechanical design for this prototype telescope consists of a box-type
support structure where the mirrors and the quarter waveplate are mounted directly to the box. The
recollimating lens is placed in a custom mount fixed to a translation stage, then attached to the box
to facilitate alignment

Fabricating the mirrors and structure from the same material eliminates any misalignment due to
differential thermal expansion. The scanner optical element is mounted separately. The most
compact conical scanning technique currently in use for coherent lidar systems is a rotating optical
wedge. The wedge material and specified wedge angle are chosen commensurate with the beam
deflection requirements, then when the element is rotated about the telescope optical axis it will
produce the required conical scan.
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Figure 1. Telescope Optical Layout.

IMPLEMENTATION OF PROTOTYPE OPTICAL SUBSYSTEM

This prototype optical subsystem was fabricated, assembled, and tested in order to evaluate its
performance against the requirements set forth by this Shuttle mission. The telescope mirrors and
support structure were all made from 6061-T6 aluminum alloy. The telescope primary and
secondary mirrors were fabricated using precision diamond turning equipment. The primary
mirror was machined on a 2-meter swing diameter Moore diamond turning machine and the
secondary mirror was fabricated on a Pneumo 2000. The bare aluminum mirror blanks for both the
primary and secondary were initially rough machined and then thermally cycled to enhance their
long term stability. The front surface of each mirror was then diamond machined to obtain the
desired aspherical surfaces. The mirrors were then plated with electroless nickel and diamond
machined again to obtain the final optical figure. Post-polishing created the desired optical finish
by reducing any surface roughness generated by the diamond tool. The post-polished mirrors
were then gold plated to provide maximum reflectivity from the surfaces for maximum
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transmission through the telescope. The gold plating also aids in maintaining polarization
orientation upon reflection. Details of the opto-mechanical design and fabrication of the mirrors
are described in Reference”. The assembled telescope is shown in Figure 2a.

The 30 cm diameter silicon optical wedge was fabricated and anti-reflective (AR) coated for the
2.06 micron operational wavelength. The wedge angle of this element is 11.7 degrees providing a
30 degree deflection angle. The wedge scanner is shown in Figure 2b.

(b)

Figure2. Telescope and Optical Wedge.

CONFIGURATIONS FOR OPTICAL CHARACTERIZATION

The most critical performance characteristic for a coherent lidar optical subsystem is its optical
wavefront quality which has a profound effect on system heterodyne efficiency. In order to
quantify the wavefront quality at the instrument operational wavelength, a Twyman-Green
interferometer was constructed using a 2.06 micron laser. Figure 3 illustrates the layout of the
Twyman-Green interferometer. The beam source for the interferometer is a continuous wave
Tm,Ho:YLF diode-pumped laser radiating 50 mW of power at 2.06 microns wavelength. The
laser output is polarized and expanded by a factor of 2.2X yielding a 7.5 mm (1/e?) diameter
collimated beam. This expanded beam passes through a 50-50 beamsplitter to create an object
beam and a reference beam. The object beam passes through the components under test and 1s
then reflected by a large optical flat. The optical flat has an RMS figure error of 0.014 waves at
0.6328 microns. After returning back through the telescope components, the object beam is re-
combined with the reference beam by the beam splitter and directed to a camera that is sensitive in
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the infrared spectrum. The reference arm of the interferometer contains a quarter-wave plate to
ensure polarization matching with the returned object beam. The camera image containing the
interference pattern is captured by an eight-bit frame grabber and stored on the computer for post-
processing. The impact of the telescope and scanner performance on heterodyne efficiency is then
predicted analytically by using the measured combined telescope and scanner element wavefront
properties in a GLAD receiver model.

The effect of the optical subsystems on heterodyne efficiency can also be directly quantified by
combining the object of the interferometer, as the received signal, with a second laser beam as the
local oscillator. The signal and local oscillator beams are then combined by a beam splitter and
directed toward a detector to generate a heterodyne signal. By comparing the magnitude of
heterodyne signals with and without the telescope and scanner element, the effect of the optical
subsystem on the overall lidar system efficiency can be determined. Construction of this test
apparatus will be completed in the upcoming months.

Tm:Hm: YLF Laser Polarizer

Silicon Wedge

Beam Expander

Optical Flat

»4

Telescope

IR Camera

Computer

Figure 3. Twyman-Green interferometer setup.

RESULTS

The Twyman-Green interferometer described above has been used to characterize the compact
telescope independently and in combination with the optical wedge. The generated interference
patterns were enhanced using an image processing software to reduce the background noise. The
resulting patterns were then digitized to facilitate their interface with the WISP fringe analysis
software. The WISP software provides wavefront analysis information, specifically the fourth
order Seidel aberration coefficients and both the peak-to-valley and RMS wavefront error statistics.
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One of the enhanced fringe patterns for the combined telescope and optical wedge is shown in
Figure 4. The RMS wavefront error for the telescope alone was measured to be /11, and for
the combined telescope and wedge was measured to be A/9.

Figure 4. Interference pattern for combined telescope and optical wedge.

SUMMARY

A prototype optical subsystem to meet the requirements of a space-borne coherent lidar technology
demonstration mission planned by NASA has been designed, fabricated and assembled. The
subsystem consists of a compact, off-axis, beam-expanding telescope and an optical wedge
scanner. A Twyman-Green interferometer has been constructed in order to measure the optical
subsystem performance at the operational wavelength of 2.06 microns and to determine its impact
on overall lidar system sensitivity. Analytic efficiency predictions can be made by using the fringe
patterns obtained during interferometric testing. Measurements of the telescope performance
indicated a A/11 RMS wavefront when measured alone and /9 RMS wavefront when measured in
combination with the optical wedge. These wavefront figures, along with the measured optical
transmission yield a reduction in heterodyne efficiency of approximately 50 percent. By
incorporating a local-oscillator laser beam path with the interferometer, measurements of the effect
of this optical subsystem on heterodyne efficiency can be directly quantified. Direct measurement
of the heterodyne efficiency is planned to be performed in the near future.
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Fabrication, metrology and modeling of the space-based lidar telescope for
SPARCLE
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ABSTRACT

Over the past 7 years, NASA Marshall Space Flight Center (MSFC) through the Global Hydrology and Climate Center
(GHCC) has been working; in collaboration with the University of Alabama in Huntsville (UAH) Center for Applied Optics
(CAO), and others; towards demonstrating a solid state coherent Doppler lidar instrument for space-based global measurement
of atmospheric winds. The Space Readiness Coherent Lidar Experiment (SPARCLE) was selected by NASA’s New
Millennium Program to demonstrate the feasibility and technology readiness of space-based coherent wind lidar. The CAO was
responsible for the design, development, integration, and testing of the SPARCLE optical system. Operating at 2-micron
wavelength, SPARCLE system performance is dominated by the optical quality of the transmitter/receiver optical system. The
stringent optical performance requirements coupled with the demanding physical and environmental constraints of a space-based
instrument necessitate extensive characterization of the telescope optical performance that is critical to predicting the lidar
system efficiency and operation in space. Individual components have been measured prior to assembly and compared to the
designed specifications. Based on the individual components, the telescope design was optimized to produce a suitable
telescope. Once the telescope is completed, it will be tested and evaluated and the data shall be used to anchor computer based
models of the optical system. Commercial optical modeling codes were used to evaluate the performance of the telescope
under a variety of anticipated on-orbit environments and will eventually be compared to environmental tests conducted in the
course of qualifying the telescope for flight. Detailed analysis using the “as built” data will help to reduce uncertainties within
the lidar system model and will increase the accuracy of the lidar performance predictions.

Keywords: lidar, telescope, optical design, optical modeling, optical testing
3. INTRODUCTION

It is the stated goal of NASA’s Earth Science Enterprise (ESE) to expici. the unique perspective of space-based remote optical
instruments to observe and study large-scale environmicinal processes. wac recent paradigm shift of ESE space flight programs
has been away from missions that rely on large, expensive custom spacecraft with single instruments; and towards missions
that are smaller, flexible, and more affordable yet while still accomplishing the science goals. In order to fit within the new
requirements, the remote sensing instruments onboard must find innovative ways to reduce the size, weight, and power
requirements of the sensor package along with realizing substantial reductions in cost.

As outlined in the NASA Mission To Planet Earth: Capability/Technology Needs Assessment and Investment Plan, several
current optical instruments have a need for a meter-class telescope to support the study of land cover, atmospheric circulation,
natural hazards, and lower tropospheric chemistry. Although the instruments proposed to study these science themes are
different, they share a common unfulfilled technology need. Coherent Doppler lidar for vector wind measurement,’ differential
absorption lidar (DIAL) for atmospheric monitoring,” and Fourier transform infrared (FTIR) spectrometer to monitor
concentration of gasses within the atmosphere” all incorporate a lightweight meter-class telescope within the instrument. The
high quality telescope envisioned for each of these instruments has a 0.5-1.2 meter diameter primary mirror; with general
performance parameters on the order of A/10 minimum wave front quality across the whole aperture; alignment stability over

temperatures from —40° to 60°C; and overall optical system weights of 15 kg/m? of collection aperture.

* Further corresponding author information —
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The instrument cost is usually directly related to instrument performance and the high quality, meter-class telescope can be a
significant driver of total instrument costs. Lowering unit costs through production of many units (mass production) does not
apply to space-based optical instruments because each instrument has specialized optical performance parameters that require
different component designs and the quantities required are usually too low to benefit from economies of scale. There is also a
direct cost associated with launching the significant mass/volume of a telescope. Telescope weight reduction is achievable but
the current approaches tend to rely on exotic materials and specialized manufacturing techniques.*>® However, these materials
typically have higher costs such as: more nonrecurring engineering, specialized tooling, and added handling costs (material
quality, availability, waste disposal, etc.). Therefore, the cost of fabrication will rise along with an increase in technical risk
that could negate the cost savings from the weight reduction. A remote sensing instrument with a meter-class telescope must be
both lightweight, and economical to fabricate.

The Space Readiness Coherent Lidar Experiment (SPARCLE) was designed to be a first step towards demonstrating the
feasibility of measuring troposphere wind velocities using the space shuttle in lieu of a satellite’ and as a pathfinder for
fabricating high optical quality telescopes, eventually meter class. The telescope was limited in size to a 25-cm aperture to
permit easier packaging of the instrument into a Hitch Hiker canister. The SPARCLE instrument was designed to be an
economical approach utilizing existing technologies and materials wherever possible. This resulted in many performance trade-
offs to balance manufacturability against science mission requirements. In addition, the SPARCLE telescope was supposed to
have regular metrology performed on parts and assemblies throughout the fabrication and alignment process in order to better
characterize the final performance. This paper discusses the process of design, assembly and ongoing testing of the SPARCLE
telescope. The project has since been cancelled but the telescope development, fabrication, alignment and testing for space
qualification was continued.

2. DESIGN AND TOLERANCES

The SPARCLE telescope (Figures 1) consists of two off-axis parabolic mirrors in a Mersenne configuration. The off-axis
configuration eliminates any central obscuration, eliminating undesirable diffraction effects and sources of direct back
scattering into the lidar system receiver optical path. The size and mass constraints for any space-based coherent lidar dictate
that the system be considerably more compact than conventional configurations. This telescope fits within an envelope of
dimensions 38 x 32 x 33 cm and weighs slightly less than 20 kg. To achieve such a compact package, a fast optical design was
employed which led to very tight fabrication and alignment tolerances.’ The telescope is designed to have a full field of view of
80 microradians, an angular magnification of 25x, and a primary mirror aperture of 25-cm. The optical spacing between the
primary and secondary mirror is 22.5-cm with the input and output beam offset by 15-cm.
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Figure 1a. SPARCLE telescope spot diagram. Figure 1b. SPARCLE telescope wavefront aberration.

To maintain the critical relative alignment between the primary and secondary mirrors over a relatively large operational
temperature range and eliminate any misalignment due to differential thermal expansion, the telescope mirrors and its support
structure are all made of the same type of aluminum material. Thus, this telescope system is athermal since the changes in the



optical properties of the mirrors (radius of curvature, thickness, etc.) with temperature are perfectly balanced by the expansion
or contraction of the structural supports such that the system maintains its alignment.

Primary Mirror, Reference Surface

Fold Mirrors and Mounts

Secondary Mirror,
Reference Surface

Secondary Mirror Support Structure

Base Plate

Figure 1c. SPARCLE optomechanical design.

The telescope mirrors incorporate a number of alignment surfaces and precision pinholes for ease of alignment and integration
with the lidar transceiver. The primary mirror has a 7.0-mm wide reference surface on the edge of its optical surface and three
mounting pads, with optical-grade surfaces, on its back side. All four of the primary’s reference surfaces are diamond turned to
be parallel to each other and perpendicular to the virtual axis of the mirror’s parabola. The combination of these reference
surfaces and two precision pinholes establish the exact position and direction of the parabola’s axis. The secondary mirror also
has reference flat surfaces on the front and back. The primary mirror and the secondary support posts are mounted to an optical
baseplate. The top surface of the optical baseplate is diamond turned to generate a large flat optical surface to serve as a datum
plane and to further reduce any distortion that can result from attaching the primary mirror and the secondary mirror support
posts to the baseplate. The backside of the optical baseplate also has three flat and parallel pads for mounting to the lidar
transceiver without distorting the telescope alignment. Location and alignment of the transceiver beam to the telescope is
achieved through two mirror tip-tilt-stages and a linear stage on one mirror that together deliver 5 degrees of freedom.

Allowed Positional Errors
Mirrors spacing | 42um
De-center 55um
Tilt 23 prad

Figure 2. Assembled engineering model of the SPARCLE telescope.



The assembled engineering model of the SPARCLE telescope is shown in Figure 2. The telescope is shown mounted to a tip
and tilt stage that is not part of the telescope and is only intended to facilitate optical testing.

3. FABRICATION AND COMPONENT PERFORMANCE

The required wavefront quality necessary for efficient coherent detection necessitated a high level of surface figure accuracy on
the mirrors. Selection of aluminum for the mirror base material coupled with the aspheric surface geometry of the mirrors and
the required surface figure accuracy dictated the use of high precision single point diamond turning fabrication techniques.
However, the level of surface roughness that can be obtained from a diamond turned surface is too high for coherent lidar
application that requires a very low scattering and back reflection by the optics. To achieve the required surface roughness, the
mirrors were plated by a thin layer of nickel, before finish diamond machining, and then polished to reduce the diamond-
turning grooves.

The following summarizes the fabrication process of mirrors that involved several organizations including NASA/Marshall
Space Flight Center (MSFC), Lawrence Livermore National Laboratories (LLNL), and the University of Alabama in
Huntsville/Center for Applied Optics(tUAH/CAQ). The mirrors were first rough machined to right dimensions and then stress-
relieved along with all the diamond turning fixtures. The mirrors were then diamond turned to generate the optical surfaces to a
figure accuracy of about one micron. Next. the mirrors were nickel-plated using an electroless plating technique. The nickel
plating of the primary mirror was performed at the NASA/MSFC and the secondary mirror was plated at Speedring, Inc. At
this stage the mirrors were prepared for the finish diamond turning. The finish diamond turning of the primary mirror was
performed on the Large Optics Diamond Turning Machine (LODTM), at Lawrence Livermore National Laboratories, and the
secondary mirror was diamond turned at the NASA/MSFC and the UAH/CAO facilities. The primary mirror was post-polished
by Space Optics Research Labs (SORL) using a zone-polishing technique. The diamond turned secondary mirror, due to its
small size and symmetric shape, turned out to have a sufficiently small surface roughness, requiring no post-polishing. The
mirrors were then coated by a high purity alloy of gold, with a high reflectivity and durability, using a unique process
developed by Epner Technologies Inc.® Gold-plating increased the surface reflectivity at 2-micron wavelength to more than
98% for a circular polarized beam. The final surface figure accuracy and roughness of the mirrors were measured to be 0.1
micron peak-to-valley and 20 angstroms RMS, respectively. .

An additional facet of the system performance is the magnitude of polarizance induced by the telescope on the transmitted and
collected light. The Epner Gold plating was ellipsometrically tested by J.A. Woollam’ and found to contribute from 0.04 to
2.41 degrees of retardance and from essentially 0% to less than 0.4% diattenuation across the pupil. Thus, incident circularly
polarized light exits the telescope as essentially unaffected circularly polarized light, as computed in Synopsys.8

The mirrors were thermally treated several times over the course of fabrication process to enhance their long-term stability and
ensure the desired performance in the thermal environment of space. The internal stresses in the mirror material were released
following the rough machining by performing a boiling water-liquid nitrogen treatment. In addition, the mirrors were stabilized
by thermally cycling them several times before and after nickel-plating. The last phase of thermal treatment was performed
over the specified telescope survivability temperature of —40C to 60C to minimize the risk of any misalignment due to
temperature variations on orbit.

4. SYSTEM PERFORMANCE

The performance of the telescope will be measured at both 633 nm and 2060 nm wavelengths. The all-reflective design of the
telescope allows the use of a commercial interferometer for measuring its wavefront quality. The wavefront quality
measurements provide the Zernike coefficients, which define all the contributing low spatial-order aberrations introduced by
imperfect fabrication and alignment. The Zemnike coefficients from these measurements have been fed into a variety of
computer models for further analyses of the telescope’s anticipated behavior in the space environment. The computer models
utilized include ASAP (Advanced System Analysis Program) optical analysis code’ to simulate the thermal and vibrational
environments of the space for quantifying the impact of the temperature gradients and vibrations present within the instrument
canijster (Figure 3).

A series of interferometric measurements of the assembled telescope were taken (Figure 4). Since the telescope is oriented in a
horizontal position, measurements were taken with the secondary assembly oriented at the top, right, bottom and left side to
allow for the subtraction of gravity induced distortions and bending. Based on this series of measurements, the telescope is



expected to perform to about 1/20 wave RMS at 2-micron in laboratory environment and about 1/15 wave at worse-case
thermal scenarios in space.

Figure 3. ASAP model of SPARCLE telescope.
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Figure 4. Interferometric measurements.
5. ENVIRONMENTAL TESTING

To meet space-qualified requirements, the SPARCLE telescope must undergo both thermal and vibration testing. Both tests
are performed at NASA/MSFC with wavefront quality as the final merit function. In this section, we briefly discuss the setups
(Figure 5) and current results for the testing of the first engineering model telescope. The testing is ongoing and the results
presented here are preliminary in nature.

The telescope thermal tests were performed over its specified operational and survivability temperature ranges of 0 to 25 deg.
C and -40 to 60 deg. C, respectively. For the operational thermal test, the telescope was cycled five times over the operational
temperature range plus 5 degrees margin at both extremes, and twice from -10 deg. C to +35 deg. C. The telescope
performance was continuously monitored by a phase-shift interferometer and its wavefront quality was recorded at 10 degrees
intervals. The telescope maintained its alignment well over the whole measurement range. The wavefront quality changes



from -10 deg. C to +35 deg C were less than 0.02 rms wave at 2.05 microns. The telescope was then cycled four times over its
survivability temperature range and its wavefront quality was measured displaying no change in its performance.

The telescope is currently being tested for survivability through launch loads. A sine sweep at 1/4g from 5 to 2000 Hz has
already been applied in each of the telescope axes to determine its natural frequency. The natural frequency of the telescope
was measured to be about 240 Hz along its optical axis (Z-axis) and 140 Hz in X and Y axes that are well beyond the 100 Hz
design goal. The telescope is currently being prepared for a random vibration test at space shuttle qualification levels. The
telescope will be vibrated along each of its orthogonal axes with a random spectrum having a composite load of 7.0g rms from
20 to 2000 Hz.

fv —
E <M Tip/Tilt Stage

Figure 5. SPARCLE telescope under test.
6. CONCLUSION

The manufacturing of the SPARCLE telescope required careful consideration of all the competing performance, physical, and
environmental requirements. Its design, fabrication, integration, and testing are particularly challenging for a coherent lidar
instrument because of its sensitivity to wavefront quality. The development of SPARCLE telescope provided a valuable
opportunity in understanding, baselining, and addressing the issues associated with a space-based lidar telescope and
establishing a process for its space-qualification. The engineering model SPARCLE telescope has good wavefront quality and
is capable of operating over a relatively large temperature range while tolerating the presence of considerable temperature
gradients across its support structure and primary mirror. A number of optical and mechanical models have been developed for
specifying the SPARCLE telescope fabrication and alignment tolerances, validating its design in withstanding the vibrational
launch loads and operating over the anticipated temperature range. These analytical tools will be further adjusted for analyzing
the results of the performance and environmental tests and predicating the telescope performance in orbit.
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Thermal Considerations for the SPARCLE Optical System
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ABSTRACT

The SPAce Readiness Coherent Lidar Experiment (SPARCLE) is the first demonstration of a coherent
Doppler wind lidar in space. Coherent lidars can accurately measure the wind velocity by extracting the
Doppler frequency shift in the back-scattered signal from the atmosphere through optical heterodyne
(coherent) detection. Coherent detection is therefore highly sensitive to aberrations in the signal phase
front, and to relative alignment between the signal and the local oscillator beams.

The telescope and scanning optics consist of an off-axis Mersenne telescope followed by a rotating
wedge of silicon and a window of fused silica. The wedge is in very close proximity to the experiment
window, and is essentially in contact with the scanner motor / encoder system. The can environment
temperature is nominally 20°C, the window ranges from -20°C-0°C, and the scanner motor / encoder
system alone could generate temperatures as high as 35°C. This thermal environment, coupled with the
relatively large sensitivity of silicon's refractive index to temperature, has required careful thermal design
and compensation techniques. This paper discusses the optical issues of these thermal effects and a variety
of methods used to ameliorate them.

1. INTRODUCTION

The SPAce Readiness Coherent Lidar Experiment (SPARCLE) is the first demonstration of a coherent
Doppler wind lidar in space'”. SPARCLE will be flown aboard a space shuttle in middle part of 2001 as a
stepping stone towards the development and deployment of a long-life-time operational instrument in the
later part of next decade. SPARCLE is an ambitious project that is intended to evaluate the suitability of
coherent lidar for wind measurements, demonstrate the maturity of the technology for space application,
and provide a useable data set for model development and validation.

The SPARCLE optics consist primarily of an off-axis Mersenne telescope which expands the input
laser by 25X to approximately 10” diameter followed by a rotating silicon wedge which produces the
desired 30° half-angle conical scan, Figure 1. Also included in the beam path is a pair of beam steering
mirrors for alignment and a fused silica window which provides the interface between the experiment
environment and the vacuum of space.

Coherent detection is highly sensitive to aberrations in the signal phase front, and to relative alignment
between the signal and the local oscillator beams. Consequently, the performance of coherent lidars is
usually limited by the optical quality of the transmitter/receiver optical system. For SPARCLE, having a
relatively large aperture (25 cm) and a very long operating range (400 km), compared to the previously
developed 2-micron coherent lidars, the optical performance requirements are even more stringent. In
addition with stringent performance requirements, the physical and environment constraints associated with
this instrument further complicate the optical and opto-mechanical designs and challenge the limit of
optical fabrication technologies.

In this paper, the thermal sensitivity of the SPARCLE optics is discussed. First, the results of a
NASTRAN analysis evaluating the thermal displacements of the mirror and mount systems are briefly
discussed; it was found that the all aluminum mirror and mount scheme yielded an essentially athermal
system from 0-25°C. This is followed by a more detailed analysis of the thermally induced aberrations due
to temperature variations in the silicon wedge. The analysis, which was verified experimentally, showed
that isothermal changes in the wedge yields pointing changes of ~46urad/°C, and that a 0.1°C radial

* Correspondence: Email: reardonp@email.uah.edu, petersb@email.uah.edu,
farzin.amzajerdian@msfc.nasa.gov, Phone:(256)890-6030; FAX: (256)890-6618




Proc. SPIE Vol. 3707, p. 244-255 May 1999

thermal gradient yields ~0.1 waves of aberration RMS. Detailed thermal modeling of the entire canister/
scanner/ optics assembly has shown that, given proper coatings on the silicon wedge and fused silica
window, the anticipated thermal gradients fall within optical performance tolerances.

2.0 THERMAL ENVIRONMENT OF SPARCLE

The experiment was designed to operate in an environment from 0-25°C with a survival temperature of
_40 to 60°C. The laser lidar transceiver, telescope, and wedge will be housed in a Hitch Hiker Canister
with a 0.5 atm of dry nitrogen. The experimental apparatus is not permitted to be attached to the inside of
the canister; instead, the whole apparatus is mounted to the top plate which then supports the components
and seals the canister. The top plate contains a 32.385 cm diameter 5.0 cm thick fused silica window to
permit the lidar to exit and enter the instrument.

The heat sources within the optics canister are the transmitter, master oscillator, and local oscillator
lasers, a scanner motor with encoder that rotates the wedge, and additional heaters regulated by an onboard
life support system designed to maintain a minimal acceptable temperature within the can. The canister is
planned to be located on a cross bay bridge within the shuttle bay with the shuttle bay pointing towards the
earth throughout experiment operation. The canister would be exposed to reflected sunlight off of the earth
and some small direct sun twice an orbit which would add to the heat load on the canister.

The laser system was equipped with an independent coolant thermal control system so most of its heat
was drawn out of the canister. This was required because the lasers demanded high thermal stability in
order to operate effectively and in fact, the control of the laser temperature became the driving parameter
with regards towards experiment operational time. The inability of the independent laser coolant control
system to maintain the laser coolant temperature to within £2°C for more than 2 hours was causing the
experiment to have to cease operation after that time and to wait and cool down. It was believed that the
cyclical operation would prevent any substantial increase in the ambient temperature of the canister.

The solar heating of the canister was minimized through reflective coatings on the exposed surfaces of
the canister. The window on the top plate was also to be specially coated to reject solar energy and prevent
it from entering the canister and heating the optics. With these measures in place and based on previous
space shuttle data, the expected ambient interior environment within the canister was anticipated to be near
or below 0°C and fairly uniform in temperature. The top plate however, was expected to be warmer and
calculated to be as high as 40°C because the energy from the scanner motor turning the wedge was
conducted into the plate. Therefore, the wedge which was conductively coupled to the scanner was also
likely to heat up and conservative, worst-case calculations showed temperatures could reach 60°C. While
the heat would eventually begin to be conducted down from the top plate through the structure and into the
telescope, the large thermal mass and the limited conductive paths would serve to delay the heat flow until
well after the experiment had finished operation.

Due to the sensitivity of the experiment to wavefront aberrations, the performance of the telescope
under thermal variations became a major design driver. Because of power and space limitations, the
telescope was not permitted to have any active realignment capability on orbit. This meant that the optics
would have to passively operate over the specified temperature range and maintain adequate wavefront
quality and pointing alignment. The only way to achieve this was to use an athermal design approach that
would create uniform expansion or contraction with temperature changes. The use of aluminum for the
mirrors and the telescope support structure would permit a change in the bulk temperature (all parts of the
telescope would heat or cool uniformly) to be compensated for by a change in the radius of curvature of the
mirrors (and hence the focal length) and a corresponding change in the mirror spacing. In this way, the
telescope would theoretically always be in focus and maintain adequate wavefront quality. However, for
the athermal system to work, the temperature gradients within the telescope needed to be minimized or the
telescope would not experience a bulk temperature change. From finite element analysis to get
displacements that were then evaluated with optical ray trace code, it was shown that a tolerable steady
state temperature gradient within the telescope should be no more than 2°C to maintain diffraction limited
performance, Figure 2. The optical performance of the perfectly aligned telescope and the performance
from the thermally displaced telescope are compared in Figure 3, from which it is obvious that wavefront
quality has not appreciably suffered. Furthermore, any temperature gradients that were created would not
exist for long because the highly conductive aluminum and multiple conductive paths within the telescope
would disperse the heat rapidly throughout the telescope within minutes.
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As stated earlier, the wedge is mounted to the scanner motor assembly and will therefore be thermally
coupled to the scanner through conduction. Heat loss from the wedge is limited to radiation and it is also
minimal at best. While there is a cold window in very close proximity above the wedge, the radiative
coupling of the wedge to the window is poor and there are no other significant paths for heat loss.
Therefore, the bulk temperature of the wedge will be strongly influenced by the temperature of the scanner
and will rise or fall accordingly while any temperature gradients within the wedge will be driven by the
efficiency of the radiation coupling between the wedge and the window. As will be shown in a subsequent
section, the potential for thermal gradients is of greatest concern to the wavefront quality of the beam
transmitted through the wedge. Because of this heightened sensitivity to thermal gradients, it was
determined that the wedge needs to perform as isothermally as possible.

2. WEDGE THERMAL RESPONSE

As previously discussed, the scanning of the lidar beam in SPARCLE is accomplished by rotating the
wedge of silicon about the optical axis. Since the refractive index of silicon is fairly high, ~3.4 ata
wavelength of 2um, the wedge angle required to achieve the desired 30 degrees beam deflection is only
11.7 degrees. Thus, across its 10 inch diameter, the thickness of the wedge varies from 0.5-2.5 inches.

As a transmissive optical material, Silicon responds to temperature changes in two ways: bulk material
dimensional changes driven by the coefficient of thermal expansion (CTE) and a change in the optical
index of refraction as a function of temperature (dn/dT). In the following sections, the thermal changes
imparted to the wedge are separated into isothermal effects and thermal gradient effects. Each of these is
further broken down into CTE and dn/dT effects, and their impact on SPARCLE performance is
determined.

2.1 Wedge Response to CTE with Isothermal Variations:

The coefficient of thermal expansion (CTE) of silicon is given as 2.7-3.1 x 10%/°C in a variety of
references. This variation in CTE values is related to the specific material makeup and crystal structure and
is typically measured and available from the material vendor. The positive CTE of silicon causes it to
expand dimensionally when heated and to shrink when cooled. Mechanically, the differential thermal
expansion of the metal wedge mount compared to the silicon wedge is incorporated into the gap between
the edge of the wedge and the wedge mount. The maximum increase in the gap between the wedge and the
aluminum wedge holder (nominally 0.007 in. at ambient conditions) as calculated over the operating
temperature range of 0-25°C increases by 0.000043 in. This small variation is easily absorbed in the
elastomeric gasket and should not affect the alignment of the wedge.

The optical effect of the CTE on the wedge under an isothermal temperature change can be described
in the following manner. As the temperature of the wedge increases, the wedge expands uniformly and the
wedge geometry and wedge angle will remain the same. Thus, the geometrical conditions of the wedge
will remain the same, Figure 4 and the beam will not undergo a deflection change because of the isothermal
CTE of the wedge.

2.2 Wedge Response to dn/dT with Isothermal Variations:

The other way silicon responds to temperature change is in its optical index of refraction. The index of
refraction change with respect to temperature, called here dn/dT, means that the optical path length through
a given thickness of material will change as temperature changes. For the silicon wedge, this is equivalent
to changing the wedge angle with changes in temperature. Since the wedge is designed and measured at
one temperature, the optical index, and consequently the beam deflection due to the wedge, will be
different if the temperature changes. For the SPARCLE wedge, the wedge was to be manufactured and
measured at an ambient condition around 20°C but it may be operating at an elevated temperature on orbit.
Although the wedge is assumed to be isothermal and therefore it will have similar geometry at both 20°C
and the final operating temperature, the temperature increase will change the index of refraction for the
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material. The effect will be to change the deflected angle of the beam, thereby affecting the pointing
knowledge of the system, Figure 5.

Assuming that the dn/dT of the silicon is 196 x 10°5/°C (the most conservative value found in a search
of several different references)*® and assuming that the wedge undergoes a thermal soak (no gradients),
then the deflection angle of the beam from the wedge will vary by ~46 prad/°C. As mentioned in the
previous section, there is no contribution of CTE to this deflection angle variation because the wedge is
assumed to be isothermal and ideally mounted.

2.3 Wedge Thermal Response to Temperature Gradients

While the bulk temperature dn/dT of the silicon wedge remains a minor challenge, a further
complication is created when the effect of temperature gradients is incorporated into the optical
performance of the wedge. Prior to this point, the wedge was assumed to be isothermal and the results of
the material CTE and dn/dT on optical performance were described separately. If a gradient is present, the
wedge will expand differentially, changing the wedge geometry, plus the index of refraction will no longer
be uniform. The top and bottom surfaces of the wedge will develop curvature (concave on both surfaces if
the center temperature of the wedge is lower) which will add aberration into the wavefront propagating
through the wedge. The dn/dT effects will be exacerbated because the apparent wedge angle change will
vary across the wedge; this can not be compensated with the calculated pointing correction approaches. To
make matters worse, these aberrations will add to produce a larger aberration.

The wedge was thermally modeled at UAH for these preliminary environmental conditions; the
circumference of the wedge was held at 35°C, the canister environment was held at 20°C, and the window
was held at 0°C. The results of this analysis showed a thermal profile within the wedge as plotted in
Figure 6; a gradient of ~1.2°C could be present which yields approximately 6.9 waves peak-to-valley of
aberration. The colder window located very close above, along with the very warm circumference of the
wedge where it mounts to the scanner sets up a significant temperature gradient in the wedge. By
arbitrarily setting the wedge edge temperature to 27.5°C the analysis showed that the gradient within the
wedge was reduced to ~0.95°C and the optical aberrations also decrease, scaling directly with the gradient
reduction. In general, a 0.1°C temperature gradient from the thermal center to the edge of the wedge will
produce ~0.6 waves P-V of aberration.

Halving the temperature difference between the edge and the can environment does not halve the
aberration. In fact, the aberration is more directly linked to the difference between the window and the
edge temperature: 6.9 waves / 35.0°C = 5.4 waves / 27.5°C and the actual gradient for the 27.5°C edge
temperature produced 5.7 waves of aberration. Thus, based on this thermal model, the radiative thermal
coupling between the wedge and the window is the primary driver for the creation of temperature gradients
in the wedge.

The thermal analysis was calculated for a single slice through the wedge, hereafter called the
meridional plane, and not for the full aperture. In order to determine the true impact on SPARCLE’s
performance, the full wave function is necessary. This calculation was far too cumbersome to extend using
the analysis codes developed to this point, therefore, the full wavefront was estimated in two ways. The
first method applies the standard optical aberration expansion terms® with consideration to the symmetry
conditions of the wedge, the gradient, and the aberration functions. Using this method, we find that the
aberration components that mostly comprise this radial thermal gradient induced aberration include tilt,
defocus, 4 and 6™ order coma, and 4" order spherical aberration, Figure 7. Fora 0.1°C gradient, this
aberration can be broken out as follows:

Aberration Type Tilt Defocus 4" Order 4" Order 6™ Order
Coma Spherical Coma
Magnitude (waves) 0.19 0.03 0.31 0.35 0.13
per 0.1°C

Table 1
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It has been shown’ that the contributions of the aberrations can be directly related to a reduction in
heterodyne efficiency. The tilt induced by the radial gradient will not reduce the performance of the
SPARCLE telescope; it will merely change the pointing direction by ~1.6 prad/0.1°C which is negligible.
The defocus term is also negligible since it is so small, but both the 4" order coma and spherical aberration
terms individually contribute about 1dB of heterodyne efficiency loss. As a very conservative estimate,
these two contributions are added. Thus, each 0.1°C radial gradient will reduce the heterodyne efficiency
by over 2dB, i.e. ~35% of the signal is lost.

Although the method of aberration decomposition yields relatively simple coefficients to help
understand how this particular aberration form will impact the SPARCLE performance, the resulting
wavefront aberration does not truly conform to the constraints of the analysis. This analysis has assumed
that the temperature at the edge of the wedge is a single value, i.e., 35°C. This should result in a wavefront
aberration around the edge of the wedge that varies directly with the thickness of the wedge at that point.
However, the aberration decomposition method yields an oscillating value around the edge of the wedge.
Therefore, an alternate method for generating the full wavefront aberration was implemented. In this
method, a fitting function with a primarily quadratic and fourth order term was fit to the temperature
gradient calculated along a single slice through the center of the wedge in the plane orthogonal to the
meridional plane, hereafter known as the sagital plane. This function was then fit across the entire aperture
such that the calculated meridional temperatures are used and the correct edge temperature was used. Thus,
the intervening values along the chord perpendicular to the meridional plane following the fitting function.
Analyzing this wavefront also shows 0.1 waves RMS of aberration per 0.1°C, Figure 8. As there is
essentially the identical RMS wavefront error between the two methods, and since the wavefront along the
meridional plane is identical, we are quite confident that either result can be reliably used.

We note here that the nonuniform material expansion due to the CTE combined with the thermal
gradient only accounts for about 4% of the total aberration; the large dn/dT of silicon is the primary source
of this aberration.

It should also be noted that the optical analysis of thermal gradients described in this paper appeafs to
ignore longitudinal gradients calculated in the wedge and considers only transverse gradients. In fact, an
extension of the optical analysis was developed which subdivided the entire wedge into a stack of 5
identical wedges, each with a wedge angle 1/5th the total wedge angle, and applied the temperature
gradient calculated for each individual layer. It was found that pure longitudinal gradients could be
equivalently modeled by isothermally setting the wedge temperature to the average temperature of the
longitudinal layers. Thus, longitudinal gradients contribute to pointing knowledge uncertainty.

To summarize, the thermal effects on the silicon wedge are tabulated in the following table.

Wedge CTE dn/dT Significance
Response
Isothermal No Effect ~46 prad/°C Pointing instability, but pointing knowledge could

be recovered with instrument modifications

Radial ~0.25 waves ~6.0 waves Aberrations reduce heterodyne efficiency by

Gradients aberration aberration ~2dB/0.1°C (35% signal reduction per 0.1°C).
(P-V)/°C (P-V)/°C
Table 2
3. DETAILED MODELING

At this point, the preliminary analysis showed that a thermal gradient in the wedge may exist and that
the gradient may be large enough to seriously impact the performance of the SPARCLE system. Thus, an
effort was undertaken to refine the thermal model to determine more accurately the anticipated thermal



Proc. SPIE Vol. 3707, p. 244-255 May 1999

behavior of the experiment, verify our assumptions and material property constants, and investigate ways to
ameljorate the thermal gradients.

3.1 Detailed Modeling: Optical Model

At this point, the modeling for the structure of the full wavefront aberration was considered sufficiently
accurate, but experimental verification was desired. In addition, the magnitude of the aberration from the
thermally altered wedge and its effect on SPARCLE performance needed refinement. Thus, an experiment
was set up to both verify a value of the dn/dT of silicon and to confirm the model which tied thermal
variations in silicon to optical path changes.

The experiment consisted of a 2Zmm laser source expanded up to a 50mm diameter collimated beam for
use in a Twyman —Green interferometer, Figure 9. A prototype silicon wedge with roughly the same
geometry as the SPARCLE wedge was placed in the object path of the interferometer with the beam
passing through the thickest portion of the wedge. A mirror was then positioned to fluff on the fringes as
much as possible. At this point, temperature SEnsors were placed on the wedge around the region through
which the beam passed and an IR camera was set up to view the wedge. A heater, positioned at the thick
edge of the wedge, was then turned on, and thermocouple data, IR camera images, and interference fringes
were simultaneously taken as thermal gradients grew across the wedge, Figures 10-11.

Four data sets with essentially linear gradients of 0.8°C, 0.9°C, 0.8°C, and 1.0°C across the field of
view of the interferometer were analyzed. The gradients and base temperatures were determined using the
thermocouple and IR camera data. The fringe data was evaluated using the software package WISP?. The
results were then used to calculate a dn/dT value for silicon. The result was a dn/dT value of 163 x 10°%/°C
with a standard deviation of 6 x 10%°C. Thus, the experiment validates the modeling well within the
tolerances of the experiment. In addition, the experiment yields a dn/dT value which is well within the
values given in texts reviewed. Note, however, that it is 17% lower than the value of 196 x 10°%/°C used in
the previous thermal modeling of the wedge.

Since there was now confidence in the dn/dT value and the model which connects temperature
gradients in the wedge to wavefront aberration, a further refinement of the impact of this aberration on the
performance of SPARCLE was undertaken. Using the full wavefront aberration form derived from the
standard optical aberrations and symmetry arguments, this wavefront was decomposed into another
standard representation of wavefront aberrations, Zernike polynomials9. The Zernike terms could then be
implemented into the software package GLAD'. GLAD calculates the complete far-field propagation of
the beam. This package can then be used to perform analysis based on the use of the back propagated local
oscillator model (BPLO)“’12 for evaluating coherent lidar performance. From this analysis, it is shown that
a 0.1°C gradient will decrease the SPARCLE performance by 1.8dB; this value was determined to be
within the requirements for the SPARCLE mission.

3.2 Detailed Modeling: Thermal Model

As the preliminary modeling had shown, the primary driver for the thermal gradient in the wedge was
a result of the thermal coupling between the cold window and the hot wedge. Decreasing the temperature
between these elements would reduce the gradient. Decreasing the radiative thermal coupling between the
wedge and the window would aiso reduce the gradient. In addition to exploring ways of reducing the
conduction from the scanner to the wedge by altering the wedge mount materials, we put our effort into
investigating ways to radiatively decouple the wedge and window and to provide the resulting parameters
for the detailed analysis.

Uncoated silicon reflects ~30% of the incident thermal radiation due to Fresnel losses. However, it
transmits thermal radiation well except for the waveband from 9-20um where it strongly absorbs. Given
the thermal energy of a 300K blackbody, this spectrum accounts for ~65% of the energy. Thus, the thermal
emissivity of uncoated silicon is approximately 0.3. Fused silica, on the other hand, is an absorber of IR
radiation except for low reflection losses, thus its emissivity is quite high, ~0.8. Note that a perfect
blackbody has an emissivity of 1. To eliminate the radiative thermal coupling between the wedge and the
window, reducing these emissivities is necessary. Thus, a special coating design is required which
transmits the 2.0um SPARCLE operating wavelength very well, but reflects the thermal energy and
therefore decouples the wedge and window.
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An additional complication in the coating design is that the optical window must also reject solar
radiation, both from the direct illumination the experiment undergoes twice per orbit and from the albedo.
To make the coating designer’s job even more difficult, the coating materials must be space qualified.

An initial survey of coating vendors provided data for coatings which reject 65% of the solar radiation
at each surface of the fused silica window and 60% of the thermal radiation at each surface of the silicon
wedge. These particular coating designs did not appreciably alter the IR emissivity. Thus, the physical
parameters used in the thermal analysis are tabulated in Table 2.

Parameter Values
Fused Silica Window
Solar Absorption 0.0
Solar Transmission 0.2
Solar Reflection 0.8
IR Transmission 0
Total Hemispherical IR Emissivity (Top) 0.82
Total Hemispherical IR Emissivity (Bot) 0.82
Silicon Wedge (Facing Window)
Solar Absorption 0.38
Solar Transmission 0.02
Solar Reflection 0.6
Total Hemispherical IR Emissivity 0.3
Silicon Wedge (Bottom Facing Telescope)
Total Hemispherical IR Emissivity 0.3
Silicon Wedge
Thermal Conductivity vs Temp (0-25C) 191W/(m-K) @
250K, 140W/(m-K)
@ 300K
Specific Heat vs Temp (0-25C) ‘ 0.18cal/(gC) =
0.75J)/(g K)
Density 2.33g/cm3 =
145 461bs/ft’
Table 3

In addition to these new parameters, the thermal conditions of the canister had become better defined. The
thermal analysis was performed using the thermal codes RadCAD" and SINDA'. The results of the
thermal analysis showed that a gradient of ~0.06°C will results in the wedge. This value meets the
specifications for the required performance of the SPARCLE mission. Thus, the SPARCLE telescope and
scanner system should successfully function on its mission.

4. CONCLUSION

SPARCLE is a demanding and aggressive scientific mission. As such, the demands on the individual
components and their interdependence is high. The optical system, consisting of the 25x beam expanding
telescope, the rotating Silicon wedge, and the canister window must perform to challenging levels. As
designed, these components greatly exceed all of the scientific requirements for the mission. When
integrated into the complete experiment, including the many heat sources, extensive modeling and
experimental measurements have indicated that the system will still perform as required.
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Abstract

SPARCLE demands a high level of performance from its telescope system under stringent physical and
environmental constraints. To meet the SPARCLE demanding requirements, the telescope system design
utilizes state-of-the-art optical fabrication and coating technologies. This paper describes the telescope
design, provides its fabrication and alignment tolerances, and discusses its sensitivity and performance
analyses.

1. Introduction

SPARCLE is the SPace Readiness Coherent Lidar Experiment. The project, supported by NASA, is a
technology demonstration on the space shuttle for space-based Doppler coherent lidar atmospheric wind
velocity measurement [1]. The optical telescope system includes a 25cm off-axis beam expanding
telescope, a 25-cm silicon wedge scanner, and a 32-cm Fused Silica optical window. The 2.0 micron
wavelength laser source is expanded with this optical system at a power of 25x and transmitted to the
atmosphere at a conical scanning angle of 30 degrees. The optical system also serves as receiver for the
back scattered radiation signal from the atmosphere.

Coherent laser radar records information about the phase of the back-scattered radiation with respect to a
local reference or local oscillator. The phase of the light contains information about the Doppler shifted
mean frequency, frequency spectrum, and polarization of the photons. The wind velocity information,
which is the main interest of SPARCLE, is encoded in the mean frequency. The signal-to-noise ratio of
coherent lidar system is very sensitive to the optical performance of the transmitting and receiving beams
[Diana]. The major design issues for coherent detection lidar are the wavefront quality, polarization purity,
and a minimum backscattering from the optical surfaces. Eliminating optical degradations from thermal
effects on the mechanical structure and the optical components is also critical for the space-based coherent
lidar system. In order to obtain a diffraction limited optical system, the optical fabrication technologies and
tolerances, optical testing capabilities, and alignment sensitivities have to all be considered in the design
phase to make sure that the optical system can be physically produced.

The SPARCLE telescope system was designed based on the gained experience from the prototyped
telescope[2], and the state-of-the arts optical fabrication technologies. This technologies include utilizing
the Large Optics Diamond Turning Machine(LODTM) at Lawrence Livermore National Lab for the
primary mirror fabrication, Laser gold plating of optical mirrors at Epner Technology, and multi-layer anti-
reflection coating at the operating wavelength 0f 2.0 microns and a high reflection coating to cut off the
solar and IR thermal radiation for the optical window and silicon wedge at Diversified Optical Products
Inc..

1. Optical Design

1.1 Beam Expanding Telescope

The volume of the optical canister on the space shuttle and the step-stare scanning technique used by
SPARCLE constrained us to choose a two paraboloid afocal Mersenne configuration as the beam
expanding telescope. The off-axis beam expander was selected to eliminate the central obscuration and
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back scattering of an on-axis system which would degrade the heterodyne mixing efficiency and signal to
noise ratio. The all reflective optical components can be built with the same aluminum alloy as the
mechanical structures eliminate differential thermal expansion due to different materials.

The diffraction limited beam expander was designed and modeled by using ZEMAX optical software and
verified by using SYNOPSYS optical software with a full field of view of 80 micro-radians, angular
magnification of 25x, and a primary mirror aperture of 25 cm. The optical spacing between the primary and
secondary mirror is 22.5 cm with a primary mirror operating at F#/0.9 and a de-center of 15 cm. The
optical 3D layout is shown in Figure 1. In addition, a small optical flat with a width of 7 mm was designed
on the outer radial edge of the primary mirror as a reference for optical fabrication, testing and system
integration. The secondary mirror has a physical aperture of 3 cm with a symmetric shape to ease the
optical fabrication and optical alignment stage. A portion 6 mm off-axis is used for delivering the laser
beam. The backside of the secondary mirror was designed to have an optical flat surface of 2.5cm diameter
on the central area for telescope alignment and integration using a ZY GO interferometer.

1.2 Optical Wedge and Optical Window

The wedge scanner in SPARCLE telescope system is required for deflecting the expanded and collimated
laser beam to a conical angle of 30 degrees. Several materials have been investigated based on their indexes
of refraction, optical properties, and thermal properties. Single crystal silicon at optical window grade was
the best choice of material for the wedge scanner. The wedge angle of 11.7 degrees for silicon with an
index of refraction of 3.45 at a wavelength of 2.0 microns was calculated for the scanning angle of 30
degrees. The physical diameter of 24 8cm of the wedge was decided based on the bolt circle for mounting
of the wedge holder to the scanner. The optical clear aperture is 22.6cm in diameter, which is the entrance
pupil for the receiving optical system. The surface figure for both wedge surfaces need to be better than 1/6
waves peak to valley at 0.633 micron wavelength, which will provide a 1/30 wave RMS transmitted
wavefront accuracy. The wedge will produce a transmission of better than 93% for the operating
wavelength with a circular polarization maintained at better than a 97% ratio of minor and major axes of
the polarization states.

Fused silica material has been selected as the optical window material for the Hitchhiker canister because
of its high index homogeneity, high transmission in IR, low thermal expansion and thermal optical
coefficient, and excellent mechanical properties. The optical window for SPARCLE serves as the interface
between the pressurized optical canister and the outside vacuum. The half atmosphere pressure of dry
nitrogen inside the canister could deform the flat window consequently degrade the optical wavefront
quality. The window thickness of 5 cm was decided by simulating the window deformation curve with high
order even aspheric surfaces in the ZEMAX model and analyzing the optical performance with the criterion
of diffraction limited performance. The surface figure for both surfaces of the window will be fabricated in
1/6 wave peak to valley at 0.633 microns. Then the transmissive wavefront will be better than 1/30 wave
RMS at 2.0 microns. The total transmission will be better than 95% with application of an anti-reflection
coating at 2.0 microns.

3. Optical Analyses

3.1 Optical performance

A Zemax optical design model was set up to send a bundle of geometrical rays from infinity through the
pressurized fused silicon window, silicon wedge, and the confocal parabola telescope from infinity at a
deflection angle of 30 degrees with a full field of view of 80 micro-radians. The spot size was obtained by
using an ideal lens to focus the collimated output rays down to a point. The focussed spot was contained

within the diffraction limited Airy disc with the Strelh ratio of 93% and the RMS wavefront error of 1/25 at
the operating wavelength. The optical performance is also shown in the Figure 1.

3.2 Tolerance and Sensitivity

Tolerance and sensitivity analysis is very important to build a working optical system. Parametric
sensitivity and tolerance of the telescope has been analyzed to determine its optical performance for the
fabrication and assembly.

3.2.1 Fabrication and Assembly Tolerances
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The analyses assume a fixed focal point in space. However, the accepted focal point is surround by a
volumetric tolerance.

Conic constant of primary mirror: +/- 0.0003

Conic constant of secondary mirror: +/- 0.001

Radius curvature of primary mirror: +/- 10.0 pm
Radius curvature of secondary mirror: +/- 5.0 um

Total irregularity of each mirror: 0.5 fringes

y - tilt of primary mirror: 0.01° (170 prad)
x - tilt of primary mirror: 0.01°

x and y de-center of primary mirror: 10 pm

322  Secondary mirror alignment ranges and sensitivities

Secondary mirror is used as a compensator with 5 DOF. The criteria of optical performance was set to be
1/20 RMS wavefront error.

z - translation: 10 pm with resolution of 1.0 pm
x - de-center: 40 um with resolution of 1.0 um
y - de-center: 65 pum with resolution of 1.0 um
X - tilt: 0.05 ° with resolution of 0.001 °
y - tilt: 0.05 ° with resolution of 0.001 °
z - tilt: not needed due to the symmetry of the secondary mirror

323 Instability tolerances

Assuming the fixed focal point, to meet 8/20 RMS wavefront quality (Required wavefront quality is 8/15),
the aligned telescope is required to be stable. :

Mirrors spacing : 42 pm
x - de-center: 8.2 um
y - de-center: 5.5 um
x - tilt: 0.0013° (22 prad)
y - tilt: 0.002° (35 urad)
Radius curvature of pri. mir.: 8.5 um
Conic constant of pri. mir.: 1.2 um
Radius curvature of sec.. mir.: 8.5 um
Conic constant of pri. mir.: 3.0 pm

3.3 Thermal Analyses

The thermal effect has to be considered for any optical system used in space or any severe environment.
Two thermal issues could affect the optical performance to the system. One is the thermal soak since the
working temperature range for the telescope is from 0 to 25 °C, but the telescope was designed at 20 °C.
Another one is the thermal gradient between or inside the optical components. These two cases have been
analyzed in the optical design model for the beam expanding telescope. The thermal analysis of the window
and wedge can be referenced to [3]

3.3.1 Telescope operated at equilibrium temperature from 0 to 25 °C

Since mirrors and structure made of the same material of aluminum alloy 6061-T6 with TCE (Thermal
Coefficient of Expansion) of 23.5X 10, the radius of curvature and spacing of the mirrors changed
simultaneously with the temperature change.

Analyzed results:
(1) If temperature reduced to 0.0°C from the designed temperature of 20 °C,

Primary mirror radius of curvature changes by -0.22 mm



10" Coherent Laser Radar Conference Jun2 28 — July 2, 1999

Secondary mirror radius of curvature changes by -0.009 mm
Spacing between primary and secondary changes by -0.106 mm

(2) The optical performance had no effect from the different temperatures.
So the beam expanding telescope is insensitive to thermal soaks. Due to the non-symmetry of the off-axis
configuration, there maybe some minor effect from thermal expansion on a system level. The detailed
thermal analysis can be done with the real geometry setup, or thermal testing maybe required to verify the
optical performance.

3.3.2 Telescope thermal gradient analyses

The expansion of the structure between the primary and secondary mirrors was computed by assuming that
the thermal gradient had a linear distribution over the length of structure and the temperature was constant
in each small segment. The computed optical spacing from a thermal gradient and the different
temperatures at the primary and secondary mirrors was entered into the optical design model for
performance analysis.

Results for thermal gradient of 2 °C:
RMS wavefront error = 0.09 waves @ 2.0 um(when primary =20°C, secondary =20+/-2 °C)
RMS wavefront error = 0.07 waves @ 2.0 pm(when secondary =20°C, primary =20 +/- 2°C)

Less than 1.5 °C of thermal gradient in the telescope structure was computed at Severup and MSFC/NASA.
Thus, not only will the optical performance be uneffected during operation due to a thermal gradient in the
telescope itself, but since the mirrors and structures are all made from aluminum, a thermal gradient is not
likely to persist.

4. Optical Fabrication and Testing

The primary and secondary mirrors of the telescope system are made from aluminum alloy, which is the
same as the mounting structure. The parabolic optical surface of the off-axis primary mirror was fabricated
with the DTM3 diamond turning machine at LLNL. A 0.005” thick of electroless nickel was then plated on
the aluminum mirrors at MSFC/NASA. The final diamond turning of the nickel plated mirror was
completed on LODTM at LLNL for a surface accuracy of Y4 waves peak to valley at HeNe wavelength and
a surface finish of about 150 angstroms RMS. The diamond turned mirrors will be post-polished to a
surface finish of 50 angstrom RMS, maintaining the surface figure at 1, waves of HeNe at SORL, thus
reducing the scattering at the operating wavelength. The polished mirrors will then be plated with high
purity of gold to increase the reflectivity to 98.5% at 2.0 microns wavelength. The same procedure was
used to fabricate the secondary mirrors, excepted that the diamond turning and post-polishing will be
completed at CAO/UAH. The secondary mirror was fabricated in a center symmetry shape for diamond
turning and optical aligning convenience. Both Taly-surf profiler and interferometric analysis can be used
for the surface figure testing. The surface finish will be polished to 30 angstroms RMS and will be tested
with WYKO profiler.

High purity Fused Silica from Corning and single crystal silicon from Silicon Crystals Inc. will be used to
fabricate the optical window and optical wedge scanner at DIOP. The optical surfaces will be polished to a
figure accuracy of 1/6 peak to valley at HeNe. The optical surface figure and transmission wavefront at 2.0
microns will be tested with 18” ZYGO interferometer and lidar characterization facility at MSFC/NASA.
Due to potential thermal gradient effects to the window and wedge, a special coating will be applied to
increase the reflection of the solar and mid-IR radiation to and between the optical components. The
coating is also required to have a 95% transmission at operating wavelength and maintain the circular
polarization. The coating and polarization can also be tested at the lidar characterization facility.

Conclusion

The optical and mechanical design and analysis of the SPARCLE telescope system was completed based
on the requirements of the system performance. The optical manufacturing and mechanical machining are
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in process. The diamond turned primary mirrors meet the specification of % waves peak to valley at HeNe
wavelength. The procedures of system assembly and integration are also planned. The whole lidar system
which includes the simulation of volume backscattering of aerosol, telescope optics and mechanical
structure, receiving system and local oscillator will be modeled in ASAP (Advanced System Analysis
Program) optical analysis software. The final signal-to-noise ratio can also be analyzed in the model.
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Abstract

Operating at 2-micron wavelength, SPARCLE system performance is dominated by the optical quality of the
transmitter/receiver optical system. The stringent optical performance requirements coupled with the
demanding physical and environmental constraints have created the need for novel optical and opto-
mechanical designs. This paper describes SPARCLE’s optical system design features, fabrication and alignment
techniques, and its anticipated operational characteristics.
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INTRODUCTION

The SPAce Readiness Coherent Lidar Experiment (SPARCLE) is the first demonstration of a coherent
Doppler wind lidar in space. SPARCLE will be flown aboard a space shuttle in the middle part of 2001 as a
stepping stone towards the development and deployment of a long-life-time operational instrument in the
later part of next decade. SPARCLE is an ambitious project that is intended to evaluate the suitability of
coherent lidar for wind measurements, demonstrate the maturity of the technology for space application,
and provide a useable data set for model development and validation. This paper describes the
SPARCLE’s optical system design, fabrication methods, assembly and alignment techniques, and its
anticipated operational characteristics.

Coherent detection is highly sensitive to aberrations in the signal phase front, and to relative alignment
between the signal and the local oscillator beams. Consequently, the performance of coherent lidars is
usually limited by the optical quality of the transmitter/receiver optical system. For SPARCLE having a
relatively large aperture (25 cm) and a very long operating range (400 km), compared to the previously
developed 2-micron coherent lidars, the optical performance requirements are even more stringent. In
addition with stringent performance requirements, the physical and environment constraints associated

with this instrument further challenge the limit of optical fabrication technologies.

DESCRIPTION OF OPTICAL SYSTEM

The functions of the optical system include expanding the laser beam, directing it to the atmosphere ina
conical scan pattern, receiving the backscattered radiation, while maintaining a highly accurate pointing
to ensure adequate extraction of the Doppler frequency shift due to the spacecraft and earth rotation
velocities. The optical system consists of a beam expanding telescope, an optical wedge scanner, and an
optical widow used for environmentally isolating the lidar instrument. Figure 1 provides an optical
schematic showing various optical components. As shown in this figure, two mirror assemblies are used
for providing the proper alignment between the lidar transceiver and the telescope. The telescope
expands the transmitter beam by 25X and directs it to an optical wedge that deflects the beam by 30
degrees. The wedge is rotated by a precision motor/encoder assembly in a step-stare fashion, to provide a
conical pattern in the atmosphere. Compared with continuous scanning, step-stare scanning provides a
greater operational flexibility, by allowing different scan patterns and laser shot accumulation. Step-stare
scanning also eliminates the need for a dynamic lag angle compensator for correcting the signal
misalignment due to the continuous motion of the scanner, thus reducing the complexity and cost of the
instrument’s optical system. The scanner wedge is then followed by a high optical quality window that
provides the lidar optical interface with space. The optical window is made of fused silica with a rugged
anti-reflection coating for efficiently transmitting 2-micron wavelength radiation. Both the transmitted
beam and the backscattered laser radiation from the atmosphere follow the same path to the lidar
transceiver.
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Figure 1. Optical System Schematic

The optical system along with the transceiver system will be housed in a pressurized Hitchhiker canister. The
performance, physical and environmental specifications of the optical system are summarized in the table below.

Table 1. SPARCLE System Parameters

Clear Aperture Diameter 22.6 cm

Beam Expansion Ratio 25:1

Scan Angle (half angle) 30 degrees

Field Of View 80 prad

Maximum Conical Scan Rate 45 degrees/sec
Wavefront Quality 1/10 wave RMS

Optical Transmission 64%

Polarization Less than 10% ellipticity
Beam Pointing Stability 4 urad/3 msec

Beam Pointing Error 28 prad in nadir and azimuth
Maximum Permitted Envelope 38 (dia.) x 43 (height) cm
Survivability Temperature -40°C to 60°C

Operating Temperature 0°C to 25°C

Internal Pressure 0.5 atm

BEAM EXPANDING TELESCOPE

The telescope design is based on an earlier system that was designed and built to address the major design
issues associated with a space-based coherent lidar such as size, mass, wavefront quality, polarization
purity, and very low optical backscatter I3 By utilizing the lessons learned from the alignment and
characterization of the first telescope, the optical and opto-mechanical designs were modified to further
improve its robustness and to better comply with the specific environmental constraints associated with
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SPARCLE mission.. The design changes also address the issues concerning the telescope assembly
procedures and its integration with the lidar transceiver. For the most part, the design improvements take
advantage of relaxed telescope constraints resulting from the selection of step-stare scanning over
continuous scanning. The step-stare scanning reduced the telescope required field-of-view from 3 mrad
to 40 prad and eliminated the need for a back-relief space that would have been necessary for
accommodating the signal beam derotator and misalignment angle compensator. These changes in the
requirements allowed for the elimination of the telescope refractive lens which in turn allowed for the use
a smaller secondary mirror and lighter support structure.

The telescope consists of two off-axis parabolic mirrors in a Mersenne configuration as shown in figure 2.
The off-axis configuration eliminates any central obscuration which will degrade beam quality due to
diffraction effects. This configuration also reduces direct backscattering into the lidar system receiver
optical path. The size and mass constraints for any space-based coherent lidar dictate that the system be
considerably more compact than conventional configurations. The telescope fits within an envelope with
dimensions 38X32X33 cm and weighs about 20 kg. To achieve such a compact package, a fast optical
design was employed which led to more stringent fabrication and alignment tolerances*. To maintain the
critical relative alignment between the primary and secondary mirrors over a relatively large operational
temperature range and eliminate any misalignment due to differential thermal expansion, the telescope
mirrors and its support structure are all made of the same aluminum material. This telescope system is
considered athermal since the changes in the optical properties of the mirrors (radius of curvature,
thickness, etc.) with temperature are perfectly balanced by the expansion or contraction of the structural
supports such that the system maintains its alignment.

Primary Mirror

Secondary Mirror
Optical Baseplate

Alignment Mirrors

Waveplate
Assembly

Figure 2. Beam Expanding Telescope

To achieve a minimum acceptable performance from the telescope, a high level of surface figure accuracy
on the mirrors must be achieved. Selection of aluminum for the mirror base material coupled with the
aspheric surface geometry required of the mirrors has necessitated using high precision single point
diamond turning fabrication techniques. However, the level of surface roughness that can be obtained
from a diamond turned surface is too high for coherent lidar application that requires a very low scattering
and back reflection by the optics. Therefore, the mirrors are plated by a thin layer of nickel, using an
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electroless plating technique, before finish diamond machining. The nickel-plated mirrors are then post-
polished to reduce their surface roughness to an acceptable level. Finally, the mirrors are coated with
gold to achieve a high surface reflectivity approaching 99%.

OPTICAL WEDGE SCANNER

The lidar scanning is achieved by a 24.7 cm rotating silicon wedge that provides a 30 degree deflection
angle. Selection of silicon as the wedge material was mainly driven by its many desirable optical and
physical properties and the fact that sufficiently large silicon crystals with a single phase domain could be
grown and polished. Because of the high index of refraction of silicon (n=3.45), the required deflection
angle can be achieved by a relatively small wedge angle of 11.7 degrees which limits the mass of the
wedge to about 4 kg. The optical wedge mass was one of the critical considerations, since it directly
affects the power drawn by the scanner motor which results in more heat. One of the critical issues
associated with the optical wedge that needed to be addressed was its sensitivity to the radial temperature
profile that will be generated by the hot scanner motor and the wedge cold surroundings. Radial
temperature variations in the wedge can produce a wavefront error due its non-symmetrical shape and its
high dn/dT (change in index of refraction with temperature) value. To improve the thermal properties of
the optical wedge, a multilayer coating is designed that can effectively reject any radiation in the solar and
far-infrared regions of spectrum while efficiently transmitting the lidar beam at 2-micron wavelength. In
this way, the wedge can be thermally decoupled from the surrounding environment, allowed to reach
thermal equilibrium quicker, and thereby minimize the impact of dn/dT by reducing thermal gradients
within the wedge.

OPTICAL WINDOW

The lidar instrument is environmentally isolated by a 5 cm thick, 32 cm diameter optical window made of
fused silica. The main design considerations associated with the optical window are: (1) wavefront
distortion due to the window substrate deformation under differential pressure condition in space; (2) de-
polarization due to stress-induced birefringence; (3) wavefront distortion due to any spatial temperature
variation that may be present within the window material; and (4) Rejection of solar radiation for better
thermal environment inside the canister. The optical window has a multilayer coating for high
transmission at 2-micron wavelength and high reflection over the visible region of the spectrum.

This work was supported by NASA Marshall Space Flight Center through a cooperative agreement with
The University of Alabama in Huntsville at the Center for Applied Optics.
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Introduction

An orbiting coherent Doppler lidar for measuring winds is required to provide two basic pieces of data to the user
community. The first is the line of sight wind velocity and the second is knowledge of the position at which the
measurement was made. In order to provide this information in regions of interest the instrument is also required to
have a certain backscatter sensitivity level. This paper outlines some of the considerations necessary in designing a
coherent Doppler lidar for this purpose.

Line of sight velocity accuracy

A lidar instrument measures wind velocity by measuring a frequency difference between the transmitted laser beam
and the return signal. This frequency difference is due to the transmitted frequency being Doppler shifted by the line
of sight velocity seen by the instrument. The line of sight velocity is comprised of velocity components due to the
satellite velocity, the earth’s rotational velocity and the velocity of the target.

The magnitude of the combined line of sight velocity is given by:

los_vel := htrgtv cos(—trgta + az + orblat( lat, inc)) sin(nadalt(orbh, n, alt, lat))
+ vtrgtv cos(nadalt(orbh, n, alt, lat)) + hsatv cos(az) sin(n) + vsatv cos(n)
+ Vlat(lat) sin(orblat(/at, inc) + az) sin(nadalt(orbh, n, alt, lat)) (1)

where the first and second terms are the line of sight components of the target velocity with respect to the local
WGS84 [1,2] earth ellipsoid surface. The third and fourth terms are the line of sight components of the spacecraft
horizontal and vertical velocities. The final term is the component of the earth’s rotational velocity along the line of
sight. Table 1 lists the parameters and functions called out in equation (1) and table 2 lists the sensitivity of the

Symbol Parameter

htrgtv target horizontal velocity

virgtv target vertical velocity

trgta angle of the target velocity with respect to the local meridian
az azimuth angle with respect to the spacecraft velocity vector
lat latitude of the spacecraft
inc orbit inclination angle

orbh orbit height
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n instrument nadir angle
alt altitude of the target with respect to the local WGS84 ellipsoid surface
hsatv local horizontal component of the spacecraft velocity
vsatv local vertical component of the spacecraft velocity
orblat(lat,inc) the angle of the satellite velocity vector to the local meridian

nadalt(orbh,n,alt,lat) The nadir angle the line of sight makes with the target with respect to the local
WGS84 ellipsoid surface.
vlat(lat) The earth’s rotational velocity at a latitude, lat

Table 1) ‘Base’ parameters.

‘base’ parameters to error for an instrument at a nominal orbit height of 300 km and an orbit inclination of 52 deg
with a nadir angle at the spacecraft of 30 deg.

Parameter Maximum Error Rate Error required to give 1 m/s los error
Azimuth angle 68 (m/s)/deg 256 pradians

Nadir angle 118 (m/s)/deg 125 pradians

Orbit height 0.31 (m/s)’km 3.22km

Latitude 24 (m/s)/deg 725 pradians

Orbit inclination 3.7 (m/s)/deg 4.7 mradians

Target altitude 0.02 (m/s)/’km 50 km

Satellite local horiz. velocity 0.5 (m/s)/(m/s) 2 (m/s)

Satellite local vert. velocity 0.87 (m/s)/(m/s) 1.15 (m/s)

Table 2) LOS velocity sensitivities for a 300 km, 52 deg inclination orbit

Note that the error due to each of the parameters is generally a complex function of other parameters (typically
azimuth and/or latitude) and the values in table (2) represent a worst case analysis for each parameter. It should be
noted that the sensitivities above are valid for any instrument, regardless of measurement technique, that is intended
to measure wind velocities on a single shot basis.

In addition to the line of sight velocity sensitivities listed above there will be sensitivities associated with the
measurement technique itself and with atmospheric refraction. Both of these effects are dependent on the actual
design and wavelength of the lidar under consideration. At the 2 pm wavelength frequently considered for a space-
based coherent lidar the large Doppler shifts due to the line of sight component of the spacecraft velocity result in a
large frequency offset of the return signal from the outgoing frequency. This offset is greater than the bandwidths
typically required for obtaining a high quantum efficiency from currently available detectors. This is overcome by
tuning either the local oscillator or the transmitted outgoing pulse to offset for the spacecraft induced Doppler shift
and hence the bandwidth requirement on the detector [3]. A consequence of this scheme is an increase in the
number of frequencies that must be measured compared to a typical ground or aircraft based coherent lidar. The
velocity measurement accuracy due to the receiver portion of the instrument including the effect of the velocity
algorithm used is ~0.5 — 1 m/s for a 2 pm system for good (>10 coherent photoelectrons) signal conditions.

Atmospheric refraction produces ‘bending’ of the lidar beam as it travels down through the atmosphere and this
creates a change in the nadir angle at the target. For a 2 pm lidar at a 300 km orbit with a 30 deg nadir angle this
effect causes a 150 — 200 pradian reduction in the nadir angle at the target with the actual value dependent on local
atmospheric conditions. This will contributea 1.3 ~ 1.7 m/s line of sight velocity error if not correctly accounted for.

Target position

This can be broken down into two issues, the first is knowledge of the instrument position with respect to some
known global coordinate system, typically WGS84 [1,2]. The second is knowledge of the measurement location
with respect to the instrument.
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Knowledge of the measurement location with respect to the instrument is dictated by knowledge of the azimuth and
nadir angles of the instrument. Errors in the azimuth or nadir angle cause the line of sight to describe a cone about
the ‘true’ or ‘ideal’ value. The position of the measurement relative to the instrument is simply:

1
Z1h :=5ctrtrp cos(n) (2)
in the vertical and
R :
Ry ‘_2Ctrtrp sin(n) 3

is the radial distance, neglecting the effect of refraction, from the sub-instrument point to the target location, ¢ and
tap are the velocity of light and the round trip time of flight respectively. We must constrain the azimuthal direction
such that the circumferential distance from the ‘true position’ can be determined. This distance is simply (R X
daz) where daz is the error in azimuth angle. This provides the target position in a local coordinate frame that can
then be transformed to obtain the target position with respect to WGS84 if the position of the instrument with
respect to WGS84 is known.

Parameter Error Rate Error required to give 1m error
Instrument vertical position 1 m/m 1 m

Nadir angle 44 m /200 prad 4.55 urad

Round trip time 40 m /300 ns 7.5 ns

Table 3) Vertical position assignment sensitivity

Parameter Error Rate Error required to give 1m error
Instrument horizontal position 1 m/m 1m
Nadir angle 40 m/ 100 prad 2.5 prad
Round trip time 24 m/ 300 ns 12.5ns
Azimuth angle 24 m/ 100 prad 4.17 purad
Table 4) Horizontal position assignment sensitivity

Instrument position and attitude

The method by which the instrument obtains its attitude and position relative to WGS84 will be dependent on the
platform and instrument configuration. One technique is to use an INS/GPS to provide both attitude and position.
The performance of an INS/GPS on orbit is typically degraded over that achievable on the ground. In order to meet
the error budgets required by a Doppler lidar they must be operated in ‘military’ or PPS mode. One problem with an
instrument dedicated INS/GPS is that unlike a launch vehicle the unit is not powered on through launch and so it
must be initialised once on orbit. The lidar can be used to both perform this function as well as track and correct for
drift in the INS attitude solution {4].

Instrument sensitivity

The calculation of coherent Doppler lidar sensitivity has been extensively discussed in the literature [5] and this
paper will only mention issues pertaining to deployment from a space platform. In order to optimise the sensitivity
of a coherent lidar it is desired to have good wavefront matching of the local oscillator signal and the return signal.
A 300 km altitude, 30 deg nadir angle instrument has a round trip time of flight of the optical pulse from the lidar to
the ground and back of ~2.3 milliseconds. During this time the transmit/receive optical axes must remain aligned
with respect to each other and any jitter of the lidar during the round trip time will therefore contribute to a loss in
sensitivity. Contributors to this misalignment that are not typically of concern for a ground or airborne system are
platform attitude drift and nadir tipping due to rotation about the earth’s center. A platform attitude drift of ~0.04
deg/sec will contribute ~1.6 uradians of misalignment between the transmit/receive beams while nadir tipping will
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contribute  ~ 2.7 pradians of misalignment. For a 25 cm aperture instrument a total angular offset of ~7 pradians
will result in a 3 dB reduction in SNR.

Finally it should be noted that the Doppler shift due to the component of the spacecraft platform velocity seen by the
lidar is a function of the scanner azimuth angle (equation (1)). The bandwidth of the return signal that results from
this can result in an azimuthally dependent atmospheric extinction and hence an azimuthally dependent sensitivity.

Summary
An overview of some of the issues specific to designing a space based coherent Doppler lidar have been presented
and examples for an instrument with a 25 cm aperture in a 300 km, 52 degree inclination orbit orbit altitude
presented.
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Introduction
The primary function of SPARCLE is to validate the ability of coherent Doppler lidar to accurately measure
atmospheric winds. The requirements for SPARCLE are listed in table (1).

Line of sight velocity accuracy Wind Measurement Accuracy Gros < 2 m/s, 1 m/s of
which is attributable to instrument error or uncertainty
and the rest to platform pointing and alignment.
Assumes single shot LOS, in regions of high SNR and
low wind turbulence and shear.

Vertical position accuracy The accuracy of the height assignment of the wind data
above the GPS reference ellipsoid shall have an RMS
error < 50 meters.

Horizontal position accuracy The accuracy of the horizontal location of the wind data
shall have a RMS error < 500 meters.
Aerosol backscatter sensitivity (Bso, single shot) 5x 107 m" st (goal)

5x 10 m" st”! (acceptable)

Table 1) Key SPARCLE performance requirements [1]

There are a number of issues that must be considered when assessing the anticipated performance of a space based
coherent lidar. These are shown schematically in figure (1).
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Figure 1)  Contributors to the performance of SPARCLE.




Methodology

Performance of the instrument is evaluated through a combination of tools. These include error budgets for each of
the major requirements, a Monte Carlo simulation that includes the statistics of the processes involved and
individual tools for evaluating specific contributors (see for example [4]).

Line of Sight Velocity Accuracy

The line of sight velocity accuracy consists of two requirements, one attributable to the lidar instrument and one
attributable to the combination of the lidar instrument and platform. Knowledge of the instrument’s attitude (nadir
and azimuth angle) is crucial to obtaining the required line of sight velocity accuracy [2].

There are a number of key problems associated with obtaining the attitude of an instrument on a Hitchhiker [5]
platform. Timely attitude data is not available through the Hitchhiker interface and the Hitchhiker platform is not a
precision pointing platform. Therefore SPARCLE can not rely on pre-launch alignment of the SPARCLE instrument
with respect to a known attitude determination system in order to meet the 2 m/s line of sight velocity error
requirement. To meet the requirement SPARCLE provides its own attitude knowledge system that uses the ground
return signal of the lidar to initialise the INS portion of an integrated INS/GPS [3]. This also removes the need for
absolute calibration of the lidar instrument nadir and azimuth angles prior to launch, placing repeatable rather than
absolute nadir and azimuth requirements on the lidar hardware.

The lidar instrument portion of the line of sight velocity accuracy requirement has contributions from the
measurement of the master oscillator/local oscillator offset, slave oscillator/master oscillator offset and return signal
frequencies. Additional contributions come from local oscillator errors associated with frequency drift during the
round trip time and assumptions used in the tuning algorithm. In combination these errors associated with frequency
measurement contribute ~0.75 m/s to the line of sight velocity accuracy. The nadir and azimuth portion of the line of
sight velocity accuracy budgeted to the instrument contribute a further ~0.33 m/s to the line of sight error to give a
total line of sight velocity error of ~0.82 m/s.

Instrument position and orbit inclination knowledge errors (if not corrected in post processing) contribute to an
incorrect determination of both the ground velocity and the nadir angle at the ground. These errors contribute ~0.37
m/s to the line of sight velocity accuracy whilst the accuracy of determining the instrument velocity contributes an
additional ~0.1 m/s to the line of sight velocity accuracy error. The final contribution to the line of sight velocity
accuracy comes from a combination of the ability to correctly initialise the INS using the lidar, the subsequent drift
and resolution of the INS gyroscopes and change, due to thermal or vibration environments, of the INS position with
respect to the lidar. These contribute a further ~0.89 m/s to give an RSS total for the combined instrument and
platform of ~1.3 m/s.

Position

The GPS portion of the INS/GPS provides the location of the instrument with respect to WGS84 [6,7] to better than
20 m. The time of flight to the ground in combination with knowledge of the azimuth and nadir angles provides the
location of the target with respect to the instrument to within 50 m in the horizontal and ~30 m in the vertical.

Backscatter Sensitivity
Table (2) shows the budgeted allowances for the backscatter sensitivity.

Wavelength 2.0512 ym Pulse energy 100 mJ
Pulse length 0.17 pm Receiver efficiency 0.25
Clear aperture diameter 0.226 m Transmit beam 1/e2 diameter 0.185m
One way optics transmission 0.64 Wavefront aberration 0.69
Polarisation efficiency 0.9 Truncated/untruncated correction 0.59
Misalignment efficiency 0.64 Range to target 384 km
Target altitude 1 km Nadir angle at target (spherical earth) | 31.56 deg.
Vertical resolution of processed data 250 m One way atmospheric transmission 0.84
Horizontal wind velocity search space | + 10 m/s
Single shot velocity estimator Capon, b0=75.36, alpha=1.08, gamma=17.45, chi=0.568,
g0=18.25, epsilon=1.8, delta=0.765, mu=0.301

Table 2) Parameters used in determining the SPARCLE backscatter sensitivity.



It should be noted that the details of the science requirement for SPARCLE specified the backscatter in terms of
certain approximations (e.g. spherical earth) rather than ‘real world’ values and this is reflected in Table (2). At this
time it is too early in the program to have data available that validates the parameter allocation indicated in Table (2)
however to date none of the relevant subsystems that these requirements flow down to has indicated a problem in
meeting their requirements. For the conditions listed in table (2) SPARCLE has a sensitivity (Bso, single shot) of
27x 10°m" sr'or 5.3 x 10° m" sr’'if 3 dB of margin for unexplained loss is included. Note that the margin is not
required within the specification for backscatter sensitivity in the SPARCLE science requirements.

One of the important issues related to performance is the misalignment efficiency. Table (3) identifies key
contributors to the misalignment efficiency. In addition to the usual lidar contributors such as laser beam pointing
jitter, optical subsystem jitter due to vibration and scanner stability there will be misalignment contributions due to
nadir angle tipping and due to changes in the attitude of the shuttle during the round trip time. Shuttle attitude drift
rates can be controlled through requirements placed on the orbiter in the SPARCLE payload integration plan.

Laser jitter (pulse to pulse at telescope output) 1 pradian
STS attitude drift (<0.04 deg/sec) 1.6 uradians
Nadir tipping during the round trip time 2.7 uradians
Optical subsystem jitter 3 uradians
Scanner stability 4 uradians
RSS Total 6 uradians

Table 3) Round trip pointing jitter budget

One of the important issues in validating this budget is related to on-orbit vibration affecting the optical subsystem
jitter. The Hitchhiker platform is not a precision pointing platform and lacks information about its local vibration
environment. A lot of accelerometer data has been collected during microgravity experiments on the orbiters but
there is insufficient data to reliably translate this experiment specific acceleration data into rates of attitude change,
which is what we require. Fortunately the magnitude of the accelerometer data implies (with considerable
assumptions) that the on orbit vibration environment will contribute negligibly to this misalignment but it is unlikely
that this can be absolutely verified prior to launch.

Summary

At this stage in the development of the SPARCLE instrument it is expected to have a backscatter sensitivity of
2.7 x 108 m™ s, a final line of sight velocity accuracy of ~1.3 m/s and be capable of locating the measurement
with respect to WGS84 to within 50 m in the horizontal and 30 m in the vertical.
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ABSTRACT

The measurement of winds from a space borne platform is of significant scientific importance to both weather prediction and
climate research. One of the key technologies embodied in coherent detection of winds from space is the use of large
aperture, compact, lightweight, high-quality wavefront, photon-efficient optics. This paper discusses the optical design, The
mechanical design, material preference, diamond turning issues, polishing requirements, and coating selections for the
primary mirror of a 25X afocal beam expander intended for use in space-based coherent lidar systems.

Performance requirements levied on a lidar optical system are primarily driven by operational signal to noise budgets, but
other factors such as the thermal and launch load environments also factor into the optics design. Therefore, the sensitivity
of any coherent lidar is generally limited by the quality of its optical system. Aberrations generated by the optics from
manufacturing errors, optical misalignment, or operational thermal activity will substantially affect measurement accuracy’s
especially when used at the ranges expected from space platforms. The stringent optical performance requirements coupled
with demanding physical and environmental constraints have created the need for a design with unique optical and robust
mechanical design characteristics. This paper will survey various manufacturing considerations when producing a 25cm
diameter £/0.9; 150mm off axis parabola which is associated with the 2-micron SPAce Readiness Coherent Lidar Experiment
(SPARCLE). This mirror has a final figure of better than 1/4 wave p-v at HeNe and surface roughness of better than 15
angstroms RMS.
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INTRODUCTION

Accurate global wind fields are the single most important measurement remaining in the continuing effort to validate
technology areas that could lead to fundamental advances in our understanding of how atmospheric winds affect our climate
and weather. SPARCLE is NASA’s first demonstration of a coherent Doppler wind lidar in space. SPARCLE is to be flown
aboard a space shuttle in the middle part of 2001 as a stepping stone towards the development and deployment of a long-life-
time operational instrument to be introduced in the later part of the next decade. SPARCLE is an ambitious project, which
intends to evaluate the suitability of coherent lidar for wind measurements, and to demonstrate the maturity of the technology
for space based applications. In anticipation of a space shuttle technology demonstration mission, we designed and
fabricated a 25-cm prototype compact afocal telescope. The telescope was designed for operation at 2-micron wavelength in
accordance with NASA’s plan for the development and deployment of an eye-safe solid state coherent lidar. SPARCLE is to
be placed in a hitchhiker canister inside the payload-bay of the space shuttle. For the SPARCLE telescope, having a
relatively large aperture and a very long operating range (350 km), the optical performance requirements became very
stringent. In addition to strict performance requirements, the physical and environment constraints associated with this
instrument further press the limit of optical fabrication technologies, especially in the area of large off-axis optics. These
imposed constraints, combined with the optical performance requirements, created many challenges in the design,
fabrication, assembly, and testing of this optical system. When one considers that the rigorous optical requirements of the
SPARCLE mission must be achieved to acquire valuable data, we find that the most sensitive element in the optical system is
the primary mirror. Smaller secondary mirrors although vitally important, are routinely manufactured to these kinds of
tolerances, therefore we will concentrate on the more demanding technology issues of producing the primary mirror.

Design trade studies such as operational wavelength, atmospheric transmission, transmitted laser power, pointing accuracy and
instrument sensitivity collectively determine the overall system requirements. Optical system requirements are additionally
influenced by practical matters such as optical throughput, size and weight constraints, as well as ease of manufacture, alignment,
and testing. Optical transmission efficiency is a factor because the instrument must be as sensitive as possible to weak
backscattering from atmospheric aerosols.

The packaging constraints for this particular mission dictate that the system be more compact than standard configurations which
leads to a faster optical system with tighter alignment tolerances. The optical design selected to meet these objectives uses two
optical elements, a parabolic primary mirror and a parabolic secondary mirror. Both were designed to be compact, as light as
possible, and maintain optical throughput with high wavefront quality. Due to the mirror material choice, its large size and
rigorous wavefront requirements, opto-mechanical designs incorporated many of the lessons learned throughout the precision
machining industry. The large optics diamond turning machine LODTM, located at Lawrence Livermore National Laboratories
LLNL in Livermore Califoria, provided the necessary accuracy to meet the demanding challenges set forth in the optical
prescription. The Diamond tuming machine DTM-3, also at LLNL was used to produce the initial figure in the optical surface.
The mirrors were then electroless nickel-plated by NASA in the plating laboratories at MSFC and the final optical figuring and
minimization of the surface roughness was achieved on LODTM. Post polishing was accomplished by zone-polishing techniques
developed in industry and mastered by Space Optics Research Labs (SORL) in Boston Massachusetts. The Gold coating is an
advanced proprietary process, which has been developed by Epner technologies in Brooklyn New York. Metrology on the
primary mirror was done by UAH at MSFC in Huntsville Alabama.

OPTICAL DESIGN

The telescope optics are based on a prototype system that was designed and built to address major design issues associated
with a space-based coherent lidar. By utilizing the lessons learned from manufacture, alignment, and characterization of the
prototype telescope, optical designs were modified to further improve its robustness and to better comply with the specific
thermal environment associated with the SPARCLE mission. Our design changes also address issues concerning the
telescope assembly procedures and its integration with the lidar transceiver. Various configurations for the telescope have
been evaluated against the performance requirements, and a Gallilean type of telescope has been selected.

The telescope consists of an off-axis parabolic primary mirror and a rotationally symmetric parabolic secondary mirror
arranged in the Mersenne configuration as shown in figure |. The off-axis configuration eliminates any central obscuration,
which will degrade beam quality due to diffraction effects especially at these sensing ranges. This configuration also reduces
direct backscattering into the lidar system receiver optical path.
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Figure 1. The SPARCLE telescope Mersenne configuration as designed showing the primary mirror the secondary mirror
and the interface mirrors to the transceiver.

The diffraction limited SPARCLE beam expander was designed and modeled by using ZEMAX optical software. Prototype
data verified the Zemax model by using SYNOPSYS optical software to analyze interference data. Data were taken using a
two-micron Twyman Green interferometer at MSFC.

The flight telescope is designed to have a full field of view of 80 micro-radians, an angular magnification of 25x, and a
primary mirror aperture of 25 cm. The optical spacing between the primary and secondary mirror is 22.5 cm with the primary
mirror operating at F#/0.9 and a de-center of 15 cm. In addition, a small flat optical surface with a width of 7 mm was
designed on the outer radial edge of the primary mirror as a reference for testing and system assembly.

The point spread function (PSF) size was obtained by using an ideal lens to focus the collimated output rays down to a point. The
PSF was contained within a diffraction limited Airy disc with a Streth ratio of 93% and RMS wavefront error of 1/25 wave at the
operating wavelength. Table 1 below provides a list of the primary mirror specifications for the flight telescope.

Tolerance and sensitivity analysis is a very important factor when designing a working optical system. These parametric
sensitivities have been analyzed to determine the telescope optical performance during fabrication steps and for final assembly.
The analyses assume a fixed focal point in space. However, the accepted focal point is surrounded by a volumetric tolerance

Conic constant of primary mirror: +/- 0.0003

Radius curvature of primary mirror: +/- 10.0 pm

Total irregularity of each mirror: 0.5 fringes

y - tilt of primary mirror: 0.01° (170 prad )

x - tilt of primary mirror: 0.01°

x and y de-center of primary mirror: 10 pm

Focal length: 9.227 inches

Final diameter: 10.236 inches

Off-axis distance: 0.787 inches to vertex edge
Surface accuracy: % P-V over 95% of clear aperture at 633 nm wavelength

Table 1. Primary nmurror optcal prescripiion

MECHANICAL DESIGN



Opto-mechanical design and analysis is a very critical step in the development of an optical system. The objective of a good
optical design is to ensure that the elements are mounted securely and with minimal distortions. To maintain the critical
relative alignment between the primary and secondary mirrors over a relatively large operational temperature range and
eliminate any misalignment due to differential thermal expansion, the telescope mirrors and its support structure are made of
the same aluminum material. Design of the mounting and support structure for the primary mirror must also be considered.
The requirements for this structure are that it be stable enough to maintain alignment during launch environment and that it
be compact enough to be accommodated within the packaging constraints. The mechanical design for this telescope consists
of a post-type support structure where the mirror is mounted directly to a backing plate. This telescope system is considered
athermal since the changes in the optical properties of the mirrors with temperature are perfectly balanced by the expansion
or contraction of the structural supports such that the system maintains its alignment. The size and mass constraints dictate
that the system be considerably more compact than conventional configurations. The telescope fits within an envelope with
dimensions 38X32X33 cm and weighs about 20 kg.

Figure two. The primary mirror mechanical drawing. The three mounting pads and locator holes are shown on the left and
the parabola and the stress reducing ring for mounting is shown on the right.

MATERIAL PREFERENCES

The typical approach is to select materials for the optical system that have very high microyield strength but, these materials are
also very expensive to fabricate. The optical system is going to need to operate over a temperature range that is not abnormally
large for most applications, but the wavefront quality for SPARCLE must be maintained throughout a 0-25C static temperature
range with less than 2.0C differential. Therefore, an athermal system is most desirable. For SPARCLE, the optical elements and
the supporting structure are fabricated from the same aluminum material.

To achieve athermal operation with a low weight and a reasonable fabrication approach is to use metal mirrors
manufactured using single point diamond turning technology. The structural efficiency of Aluminum, the quotient of the
material’s elastic modulus and the material’s density, is more than adequate at 102.1 compared to other candidate materials.



Furthermore, the optical surface of this mirror is overcoated with electroless nickel, this is done because the nickel is harder and
readily accepts diamond turning and polishing. It is desirable to have the coefficient of thermal expansion of the nickel coating (8.4
ppm/°F) closely match the CTE of the bulk mirror material. The CTE of Aluminum is 13.1 ppm/°F. Because of its relative ease to
machine, its availability, its good structural efficiency, the metal of choice was Aluminum 6061 T 651.

NICKEL PLATING

The plating process must not result in excessive residual shear stress between the electroless nickel and the aluminum. It is
possible to see as much as 15 ksi combined internal and thermal stress depending on the thickness of the plated layer and the
plating rates. When electroless nickel-plating aluminum mirrors, the phosphorous content requirements are eleven percent
and the bath pH remains around 4.6. The temperature of the plating bath is held constant at 190C with a uniformly
distributed high flow rate constantly refreshing the plating optic with a uniform coating of nickel phosphorous. The plating
rate usually runs twenty hours for a uniform 0.006” layer. This coated layer has a Rockwell hardness of about 52, however
the nickel is still compliant for post-polishing activities. Following plating, the mirrors are thermally cycled to release any
residual hydrogen that may have been trapped during the plating process. Thermal cycling should take the mirrors from
room temperature to 121C and back to room temperature in an eight-hour time span. It is imperative that any mounting pads
or reference surfaces on the optic that are being used for the diamond tumning process are well protected and receive no
plating. These pads are registration surfaces for mounting to the diamond turning machines and should not be damaged in
the plating process or when handling the mirrors. Even minor damage to the pads will result in poor optical figure on the
final mirrored surface.

DIAMOND TURNING

When diamond turning optical elements such as the primary mirror for SPARCLE, several aspects must be considered in the
design phase of the blank. Mass of the diamond turning surround, spindle rotation rate, tool feed rate and mirror-fastening
techniques must also be carefully understood when designing the mirror blank. The rotation rate and balance of the spindle
and the feed rate of the diamond tool are of primary importance in generating optical quality elements. Finite element
analysis was used to determine the spin rates employed (54RPM) during the diamond turning process. By a better
understanding of the dynamics of rotation and how this effects the at-rest shape of the optic, we determine at what point the
mirror blank begins to give to the centrifugal forces of rotation. Mirror fastening, which involves attaching to the surround
for diamond turning and to mounting the mirror to the telescope support structure during assembly should also be
considered. The SPARCLE primary mirror is designed to be mounted on three pads which have been optically finished and
which retain a planarity from pad to pad of % wave at HeNe. In some cases 100-micron pitch groves in the pads with about
100-micron depth provide enough surface contact to resist plastic deformation between the pads and the mount. These
groves allow for any micron sized particulates to escape into the groves and therefore not interfere with the mounting
registration. The SPARCLE primary mirror pads can be seen in figure 3 as well as showing the locator pins and the
Rockwell hardness test points on the side of the mirror. Locator pins are used on either side of the mirror to ensure
consistent registration for placement of the blank on the different diamond turning machines when transferring the mirror
from the initial diamond turning facility to the plating facility and back to the finish diamond turning machine.



Figure 3. close up of the primary mirror installed on LODTM. Notice the mounting pads and the alignment locator pins.
Also notice the small reference optical flat surface at the top of the mirror.

Stresses from mounting the mirrors on precision machinery must not make their way to the optical surfaces. The grove seen
in figure 3 at the base of the mirror eliminates any stress transfer to the optic surface from the mounting process. Once again,
torque settings for the hardware can be determined by finite element analysis. It has been found that the through holes in the
pads for mounting hardware should have beveled ends as opposed to a clean bore. It turns out that mounting, removal, and
subsequent remounting of the mirrors on the various machines can result in small welts on the edges of the through holes
which can offset the mirrors enough to destroy the registration.

Figure 4 shows the primary mirror data taken as a linear profile through the vertex. The left side is one mirror and the right
side is the other mirror. This machine produced a s wave p-v surface with about 120 A surface roughness. Post polishing
of these mirrors will bring the RMS roughness down around 10 to 15 A surfaces and meet the requirement to produce a
figure accuracy of better than 1/4 wavelength at HeNe over 90% of the full aperture.
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SPARCLE primary mirrors as Diamond Turned on LODTM

—e— Mrror #1
e MiTOr #2

Contour Deviation Parallel to the
Optical Axis (micro-inches)

Radius (inches)

Table two. The SPARCLE primary mirror surface as turned on the LODTM

POLISHING REQUIREMENTS

The polishing requirements are straightforward and are implemented primarily to reduce the RMS roughness from the 125 or
so angstrom level down acceptable levels. The reason that it is desirable to have such small surface roughness is due to the
fact that the return signal from atmospheric aerosols is extremely tenuous. Any amount of backscatter from the outgoing
laser pulse off of the optical surfaces can be potentially damaging to the sensitive receiver detectors. The requirements for
the primary mirror polishing are that the surface figure maintains at least 1/4 wave p-v at HeNe wavelength and that the RMS
roughness be better than twenty angstroms. The polishing was achieved using zone polishing techniques where the principal
thrust is to initially remove the rough diamond turning groves, then concentrate on bringing the optic into figure. SORL was
qualified to meet and actually exceed the requirements placed on the mirrors. The mirrors have been polished to 15angstroms
RMS roughness and the figure is 1/6 wave p-v at HeNe.

Gold-Plating

Gold plating requirements are driven by the high reflectivity needed to receive weak signals from aerosols in the atmosphere.
The primary mirror optical surface is polished and figured to the required wavefront, leaving optical throughput as the
remaining factor to producing an optical system capable of meeting the needs of SPARCLE. The Nickel-plated 6061-T651
Aluminum mirror was gold plated using electrodeposition technologies producing 97% reflectivity at 700 nanometers
wavelength and 98.5% reflectivity at 2060 nanometers.

The gold purity is maintained at 99.99% and plates onto the mirror with a knoop hardness of 180. Witness samples are
provided with the mirrors for laboratory metrology and coating adhesion tests. The coating is performed by Epner
Technology located in Brooklyn New York.

SUMMARY
The technology issues that are involved in producing world class performance from rigorous requirements such as the optical
prescription of the SPARCLE telescope are within the capability already existing in industry provided that the optical
designer utilize the manufacturing choices available in industry. Rough machining of the blank material can be performed
on standard computer controlled milling machines. Initial figuring of the optical surface is done on any diamond turning



machine, which can produce anywhere from 200 to 500 angstroms RMS roughness. The nickel-plated coating will cover the
diamond tool groves with better adherence due to the increased plating area. The final diamond turning can be done with
one of two objectives. One, which is the most desirable, is to diamond turn the optic such that the figure and roughness
require no post polishing. However the precision required to produce such high quality directly off the diamond tumning
machine limits the choice of facility. When the option of post polishing is introduced, the need for the diamond turning
facility to produce a finished product is relaxed somewhat in terms of RMS roughness and is relaxed as well for producing a
figure that is cost prohibitive.
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Abstract: Stringent requirements of this telescope demands testing of its individual elements through each
step of fabrication and complete metrology of the integrated telescope both at Helium-Neon and the
operational two micron wavelengths.

Summary: Performance requirements for the SPARCLE!' telescope optical quality are driven by factors
such as the coherent laser radar signal to noise limit, the thermal operating environment, and the
survivability of vibrational launch loads. To meet the signal to noise requirements, the telescope must
minimize optical aberrations in order to project the outgoing pulse from space through the troposphere with
the best possible beam profile. Studies show that, although all aberrations reduce the lidar performance,
small amounts, % wave, of spherical aberration will produce approximately 50% reduction in heterodyne
efficiency’. In addition to the overall wavefront quality requirements, spatial polarization efficiency and
optical transmission are of great concern due to the tenuous return signal from atmospheric aerosols. The
thermal environment that the optical system will encounter during the course of a mission places specific
demands on the mechanical support structure as well as the optical elements and beam steering elements.
Although the telescope is designed to maintain its wavefront quality over a large static temperature range, it
must also be capable of performing under thermal gradient conditions.  Vibrational launch load
survivability implies that the telescope be capable withstanding exposure to a broad band vibration
spectrum without suffering plastic deformation resulting in misalignment. We will begin by presenting the
optical design requirements with a system overview.

Figure 1 shows an expanded view of the complete telescope. The primary mirror and the secondary mirror
reference surfaces seen here are for alignment of the relative tilts between the two elements.

o

Figure 1. Expanded telescope showing the opto-mechanical support structure.

The assembled telescope is designed as a compact 11x10x15 inch 25x afocal beam expander with a 23cm
obscuration-free beam diameter. It is lambda/d at 633nm peak-to-valley wavefront, and better than 90%
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transmission at the operational wavelength of 2060 nm while maintaining its wavefront quality over the
thermal operating range of 0.0C to +25.0C.

The primary mirror’ mother parabola is f/0.6 with a 23cm diameter off axis section centered 187mm from
the vertex. The secondary mirror is a convex paraboloid with a six-millimeter useable aperture having a full
32 millimeter physical aperture and a figure accuracy of lambda/4 at 633nm peak-to-valley and 99%
reflectivity at 2060nm.

Table 1 shows some of the parameters of the assembled telescope and the environments for which it must
operate or survive in.

Telescope Requirements

Beam Expansion Ratio 25:1

Single Pass Wavefront Quality 1/15" wave RMS at 2.0 micron over full clear aperture
Single Pass Optical Transmission 0.85 at 2.0 micron wavelength

Input Clear Aperture Diameter 0.92 centimeter

Output Clear Aperture Diameter 23.3 centimeter

Vibrational Integrity launch survivability

Maximum Permitted Envelope 38 cm x 43 cm (diameter and height)

Survivability Temperature -40°C to 60°C

Operating Temperature 0°Cto 25°C

Maximum Operating Temperature Gradient 8°C over the operating temperture

Table 1. Telescope optical requirements

Optical performance and mechanical accuracy was monitored during each of the fabrication processes for
both the primary mirror and the secondary mirror. Rough machining for each mirror was inspected to
insure that the physical dimensioning was compliant with their respective design. The critical
measurements made, using a coordinate measurement machine (CMM), were the base optical surface shape
and the location and size of the alignment pins. Mounting pads located on the back of the primary mirror
and the alignment reference surfaces on both of the mirrors involved continuous monitoring during
fabrication to ensure exact optical registration to the mounting surfaces, although not all monitoring was
done in-situ. Both of the mirrors were plated with electroless nickel and, after final diamond turning and
post polishing, a thin film of gold was deposited on all of the mirrors.

The final primary mirror optical surface, both mirror reference-flat surfaces, and final mounting pad
planarity were measured interferometrically using a large aperture ZYGO. Prior to gold plating, the
finished optical surface of the secondary mirror was measured using a Talysurf long trace profilometer.
RMS surface roughness was measured for both mirrors ona WYKO TOPO-3D. Since two primary mifrors
and three secondary mirrors were manufactured, an air spaced assembly of the beam expander was built
which allowed us to choose the best matching pair. This resulted in two beam expanders that exceed the
operational wavefront requirements. Although a large fabrication database exists for the entire telescope,
we will present only the optical metrology data that is relevant to the final product.

Currently, the SPARCLE telescope is undergoing cleaning of each of the individual components as well as
all ground support equipment, and preparation for the final assembly process. This telescope is being
assembled as flight qualified hardware and all aspects of assembly and qualification are monitored by
MSFC quality control. Assembly is scheduled to be complete in the spring and vibrational and thermal
testing is scheduled to be complete by early summer this year. Metrology data taken during these exercises
will be presented.

The planned assembly requires that datum planes be transferred between the primary mirror, the secondary
mirror, and the interface assemblies using the built in optical reference surfaces. Each mirror reference-
plane optical surface figure is repeatedly measured during assembly to determine any resulting changes to
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the optical performance due to the mountings. This all-reflective telescope design is to be assembled and
measured interferometrically at 633nm. Spatial polarization transmission efficiency measurements will be
made at the operational design wavelength of 2060nm. Both of the mirrors in the interface assemblies are
tested for surface figure prior to and following mounting in their respective subassemblies. Spatial linear
polarization efficiencies for 2060nm reflected light will be tested at 45 degrees incidence for each of the
interface alignment mirror assemblies.

We will discuss metrology of the each element of the telescope as well as discuss metrology of the
telescope during assembly and as a system. We will also discuss the thermal and vibration test results.
Figure 2 shows the expected results for the flight telescope. The data is extracted from the air-spaced setup
wherein we determined the best possible match of “as fabricated” primary and secondary mirrors. The data
does not include performance of the beam steering optics. We see here that the wavefront quality is .426
waves peak-to-valley at the operating wavelength of 2060nm.
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Figure 2. Expected performance of the SPARCLE telescope based on interferometer data taken on
preliminary assembly tests.
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ABSTRACT

Demanding physical and environmental constraints combined with demand for high optical quality create
many challenges in designing, fabricating, and testing a space-based lidar telescope. These challenges are
further exaggerated for coherent lidars because of their sensitivity to projected transmitted beam profile at the
target plane and aberrations in the return signal phase front. This paper reports the development of a telescope
system for the SPAce Readiness Coherent Lidar Experiment (SPARCLE), and discusses its space-
qualification testing methodology and results.

Introduction

Presently, several lidar systems are either being developed or being considered for deployment in space
for remote sensing of the earth atmosphere and surface. Any space-based lidar instrument needs to be
mechanically rugged and thermally stable to maintain its optical alignment through violent launch
vibrations and during operation in the harsh thermal environment of space. These constraints present the
designers with a challenging task given the mass and volume restrictions imposed by the launch vehicle
and the orbiting spacecraft. The lidar telescope in particular deservers careful consideration, since it is one
of the dominating component in establishing the instrument sensitivity and at the same time one of the
most alignment sensitive components that consumes a major portion of the total mass and volume
budgets. The criticality of the telescope is even more drastic for solid state coherent lidars operating in
near infrared wavelength region. In addition to high optical throughput and polarization efficiency
required by most lidar systems, solid state coherent lidars require a very high wavefront quality as well.
This paper reports the development of a lidar telescope for the SPAce Readiness Coherent Lidar
Experiment (SPARCLE). SPARCLE was intended to be the first demonstration of a coherent Doppler wind
lidar in space'. The development of the lidar telescope for SPARCLE has provided a wealth of experience for
design, fabrication, and test of telescopes for future lidar space missions.

Lidar Telescope Description

The telescope consists of two off-axis parabolic mirrors in a Mersenne configuration as shown in figure 1.
The off-axis configuration eliminates any central obscuration, which will degrade beam quality due to
diffraction effects. This configuration also reduces direct backscattering into the lidar system receiver
optical path. The size and mass constraints for any space-based coherent lidar dictate that the system be
considerably more compact than conventional configurations. This telescope fits within an envelope of
dimensions 38X32X33 cm and weighs about 20 kg. To achieve such a compact package, a fast optical
design was employed which led to very tight fabrication and alignment tolerances 2, The telescope is
designed to have a full field of view of 80 micro-radians, an angular magnification of 25x, and a primary
mirror aperture of 25 cm. The optical spacing between the primary and secondary mirror is 22.5 ¢cm de-
centered by 15 cm.

To maintain the critical relative alignment between the primary and secondary mirrors over a relatively
large operational temperature range and eliminate any misalignment due to differential thermal
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expansion, the telescope mirrors and its support structure are all made of the same type of aluminum
material. Thus, this telescope system is athermal since the changes in the optical properties of the mirrors
(radius of curvature, thickness, etc.) with temperature are perfectly balanced by the expansion or
contraction of the structural supports such that the system maintains its alignment.

The telescope mirrors

incorporate a number of

alignment surfaces and

precision pinholes for ease Secondary Mirror
of alignment and integration
with the lidar transceiver
(Figure 2). The primary
mirror has a 7.0mm wide
reference surface on the
edge of its optical surface
and three mounting pads,
with optical-grade surfaces,
on its back side. All four of
the primary’s reference
surfaces are diamond turned
to be parallel to each other
and perpendicular to the
virtual axis of the mirror’s
parabola. The combination
of these reference surfaces
and two precision pinholes establish the exact position and direction of the parabola’s axis. The secondary
mirror also has reference flat surfaces on the front and back. The primary mirror and the secondary
support posts are mounted to an optical baseplate. The top surface of the optical baseplate is diamond
turned to generate a large flat optical surface to serve as a datum plane and to further reduce any
distortion that can result from attaching the primary mirror and the secondary mirror support posts to the
baseplate. The backside of the optical baseplate also has three flat and parallel pads for mounting to the
lidar transceiver without distorting the telescope alignment. Location and alignment of the transceiver
beam to the telescope is achieved through two mirror tip-tilt-stages and a linear stage on one mirror that
together deliver stages 5 degrees of freedom.

Primary Mirror

Optical Baseplate

Alignment Mirrors

Figure 1. SPARCLE Transmitter/Receiver Telescope.
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Mounting of Telescope
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Pins for Alignment of
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Precision Pinhole

Figure 2. Alignment and reference surfaces of Lidar Telescope Components.
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Fabrication

The required wavefront quality necessary for efficient coherent detection necessitated a high level of
surface figure accuracy on the mirrors. Selection of aluminum for the mirror base material coupled with
the aspheric surface geometry of the mirrors and the required surface figure accuracy dictated the use of
high precision single point diamond turning fabrication techniques. However, the level of surface
roughness that can be obtained from a diamond turned surface is too high for coherent lidar application
that requires a very low scattering and back reflection by the optics. To achieve the required surface
roughness, the mirrors were plated by a thin layer of nickel, before finish diamond machining, and then
polished to reduce the diamond-turning grooves.

The following summarizes the fabrication process of mirrors that involved several organizations including
NASA/Marshall Space Flight Center (MSFC), Lawrence Livermore National Laboratories (LLNL), and
the University of Alabama in Huntsville/Center for Applied Optics(UAH/CAO). The mirrors were first
rough machined to right dimensions and then stress-relieved along with all the diamond turning fixtures.
The mirrors were then diamond turned to generate the optical surfaces to a figure accuracy of about one
micron. Next, the mirrors were nickel-plated using an electroless plating technique. The nickel plating of
the primary mirror was performed at the NASA/MSFC and the secondary mirror was plated at Speedring,
Inc. At this stage the mirrors were prepared for the finish diamond turning. The finish diamond turning of
the primary mirror was performed on the Large Optics Diamond Turning Machine (LODTM)), at
Lawrence Livermore National Laboratories, and the secondary mirror was diamond turned at the
NASA/MSFC and the UAH/CAO facilities. The primary mirror was post-polished by Space Optics
Research Labs (SORL) using a zone-polishing technique. The diamond turned secondary mirror, due to
its small size and symmetric shape, turned out to have a sufficiently small surface roughness, requiring no
post-polishing. The mirrors were then coated by a high purity alloy of gold, with a high reflectivity and
durability, using a unique process developed by Epner Technologies. Gold-plating increased the surface
reflectivity at 2-micron wavelength to more than 98% for a circular polarized beam. The final surface
figure accuracy and roughness of the mirrors were measured to be 0.1 micron peak-to-valley and 20
angstroms RMS, respectively.

The mirrors were thermally treated several times over the course of fabrication process to enhance their
long-term stability and ensure the desired performance in the thermal environment of space. The internal
stresses in the mirror material were released following the rough machining by performing a boiling
water-liquid nitrogen treatment. In addition, the mirrors were stabilized by thermally cycling them several
times before and after nickel-plating. The last phase of thermal treatment was performed over the
specified telescope survivability temperature of —40C to 60C to minimize the risk of any misalignment
due to temperature variations on orbit.

Assembly and Alignment

The telescope is currently being assembled under formal NASA space flight hardware quality control. All
the telescope components along with all the assembly and alignment fixtures and equipment have been
fabricated, tested, and cleaned in compliance with the relevant space quality assurance requirements. The
telescope assembly requires that the datum planes be transferred between the primary mirror, the
secondary mirror, and the interface assemblies, using the built in optical reference surfaces. This is
achieved by a commercial phase-shift interferometer. Each reference surface plane is repeatedly measured
during assembly to determine any resulting changes to the optical performance due to the mountings.
Operating at 633 nm wavelength, the interferometer allows the alignment of the telescope components to
specified tolerances. The telescope need to be aligned and remain aligned in orbit to the following general
tolerances:

Mirrors spacing 4.2 um

De-center 5.5 pm

Tilt 23 prad
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Performance and Environmental Testing

The performance of the telescope will be measured at both 633 nm and 2060 nm wavelengths. The all-
reflective design of the telescope allows the use of a commercial interferometer for measuring its
wavefront quality. The wavefront quality measurements provide the Zemike coefficients, which define all
the contributing low spatial-order aberrations introduced by imperfect fabrication and alignment. The
wavefront quality measurements will be repeated at different temperatures from less than O to greater than
30 degrees centigrade to demonstrate the telescope performance over its anticipated on-orbit temperature
range of 0-25 degrees C. The Zernike coefficients from these measurements will be fed into a variety of
computer models for further analyses of the telescope’s anticipated behavior in the space environment.
The computer models utilized will include the ASAP (Advanced System Analysis Program) optical
analysis code to simulate the thermal and vibrational environments of the space for quantifying the impact
of the temperature gradients and vibrations present within the instrument canister. Capability of the
telescope in withstanding vibrational launch loads will be demonstrated by measuring the telescope
wavefront quality before and after exposing it to a series of vibration spectrums. The wavefront quality
measurements will be used in the ASAP model to quantify any plastic deformation, which may result
from vibrating the telescope, and the resultant misalignment.

In addition to interferometric measurements, the telescope transmission and polarization efficiencies will
be measured at the operational wavelength of 2060nm. The measurement setup, using a single-frequency,
CW, Tm, Ho:YLF laser, has been developed for quantifying the telescope optical throughput and its
polarization states.

Based on the component-level measurements, the telescope is expected to perform to about 1/20 wave
RMS at 2-micron in laboratory environment and about 1/15 wave at worse-case thermal scenarios in
space. The transmission and polarization efficiencies of the telescope are expected to be about 96% and
95%, respectively.

Summary

Manufacturing transmit/receive telescopes for any space-based lidar instrument require careful
consideration of all the competing performance, physical, and environmental requirements. The telescope
design, fabrication, integration, and testing are particularly challenging for a coherent lidar instrument
because of its sensitivity to the telescope alignment and wavefront quality. The development of
SPARCLE telescope provided a valuable opportunity in understanding and addressing the issues
associated with a space-based lidar telescope and establishing a process for its space-qualification.
SPARCLE telescope has a very good wavefront quality and is capable of operating over a relatively large
temperature range while tolerating the presence of considerable temperature gradients across its support
structure and primary mirror. This paper describes the unique features of the SPARCLE telescope design,
its fabrication methodology, and its performance and space-qualification tests. A number of optical and
mechanical models have been developed for specifying the SPARCLE telescope fabrication and
alignment tolerances, validating its design in withstanding the vibrational launch loads and operating over
the anticipated temperature range. These analytical tools will be also used for analyzing the results of the
performance and environmental tests and predicating the telescope performance in orbit.
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ABSTRACT

Demanding physical and environmental constraints combined with demand for high optical quality create
many challenges in designing, fabricating, and testing a space-based lidar telescope. These challenges are
further exaggerated for coherent lidars because of their sensitivity to projected transmitted beam profile at the
target plane and aberrations in the return signal phase front. This paper reports the development of a telescope
system for the SPAce Readiness Coherent Lidar Experiment (SPARCLE), and discusses its space-
qualification testing methodology and results.
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ABSTRACT

Over the past 7 years, NASA Marshall Space Flight Center (MSFC) through the Global Hydrology and Climate Center
(GHCC) has been working; in collaboration with the University of Alabama in Huntsville (UAH) Center for Applied Optics
(CAOQ), and others; towards demonstrating a solid state coherent Doppler lidar instrument for space-based global measurement
of atmospheric winds. The Space Readiness Coherent Lidar Experiment (SPARCLE) was selected by NASA’s New
Millennium Program to demonstrate the feasibility and technology readiness of space-based coherent wind lidar. The CAO was
responsible for the design, development, integration, and testing of the SPARCLE optical system. Operating at 2-micron
wavelength, SPARCLE system performance is dominated by the optical quality of the transmitter/receiver optical system. The
stringent optical performance requirements coupled with the demanding physical and environmental constraints of a space-based
instrument necessitate extensive characterization of the telescope optical performance that is critical to predicting the lidar
system efficiency and operation in space. Individual components have been measured prior to assembly and compared to the
designed specifications. Based on the individual components, the telescope design was optimized to produce a suitable
telescope. Once the telescope is completed, it will be tested and evaluated and the data shall be used to anchor computer based
models of the optical system. Commercial optical modeling codes were used to evaluate the performance of the telescope
under a variety of anticipated on-orbit environments and will eventually be compared to environmental tests conducted in the
course of qualifying the telescope for flight. Detailed analysis using the “as built” data will help to reduce uncertainties within
the lidar system model and will increase the accuracy of the lidar performance predictions.

Keywords: lidar, telescope, optical design, optical modeling, optical testing
3. INTRODUCTION

It is the stated goal of NASA’s Earth Science Enterprise (ESE) to exploit the unique perspective of space-based remote optical
instruments to observe and study large-scale environmental processes. The recent paradigm shift of ESE space flight programs
has been away from missions that rely on large, expensive custom spacecraft with single instruments; and towards missions
that are smaller, flexible, and more affordable yet while still accomplishing the science goals. In order to fit within the new
requirements, the remote sensing instruments onboard must find innovative ways to reduce the size, weight, and power
requirements of the sensor package along with realizing substantial reductions in cost.

As outlined in the NASA Mission To Planet Earth: Capability/Technology Needs Assessment and Investment Plan, several
current optical instruments have a need for a meter-class telescope to support the study of land cover, atmospheric circulation,
natural hazards, and lower tropospheric chemistry. Although the instruments proposed to study these science themes are
different, they share a common unfulfilled technology need. Coherent Doppler lidar for vector wind measurement,' differential
absorption lidar (DIAL) for atmospheric monitoring,” and Fourier transform infrared (FTIR) spectrometer to monitor
concentration of gasses within the atmosphere” all incorporate a lightweight meter-class telescope within the instrument. The
high quality telescope envisioned for each of these instruments has a 0.5-1.2 meter diameter primary mirror; with general
performance parameters on the order of A/10 minimum wave front quality across the whole aperture; alignment stability over
temperatures from —40° to 60°C; and overall optical system weights of 15 kg/m?* of collection aperture.

* Further corresponding author information —
Dr. Bruce R. Peters: Email: petersb@email.uah.edu; WWW: http://www.uah.edu/cao/;
Tel: 256-824-2526; Fax: 256-824-6618.




The instrument cost is usually directly related to instrument performance and the high quality, meter-class telescope can be a
significant driver of total instrument costs. Lowering unit costs through production of many units (mass production) does not
apply to space-based optical instruments because each instrument has specialized optical performance parameters that require
different component designs and the quantities required are usually too low to benefit from economies of scale. There is also a
direct cost associated with launching the significant mass/volume of a telescope. Telescope weight reduction is achievable but
the current approaches tend to rely on exotic materials and specialized manufacturing techniquesf"s'(’ However, these materials
typically have higher costs such as: more nonrecurring enginecring, specialized tooling, and added handling costs (material
quality, availability, waste disposal, etc.). Therefore, the cost of fabrication will rise along with an increase in technical risk
that could negate the cost savings from the weight reduction. A remote sensing instrument with a meter-class telescope must be
both lightweight, and economical to fabricate.

The Space Readiness Coherent Lidar Experiment (SPARCLE) was designed to be a first step towards demonstrating the
feasibility of measuring troposphere wind velocities using the space shuttle in lieu of a satellite’ and as a pathfinder for
fabricating high optical quality telescopes, eventually meter class. The telescope was limited in size to a 25-cm aperture to
permit easier packaging of the instrument into a Hitch Hiker canister. The SPARCLE instrument was designed to be an
economical approach utilizing existing technologies and materials wherever possible. This resulted in many performance trade-
offs to balance manufacturability against science mission requirements. In addition, the SPARCLE telescope was supposed to
have regular metrology performed on parts and assemblies throughout the fabrication and alignment process in order to better
characterize the final performance. This paper discusses the process of design, assembly and ongoing testing of the SPARCLE
telescope. The project has since been cancelled but the telescope development, fabrication, alignment and testing for space
qualification was continued.

2. DESIGN AND TOLERANCES

The SPARCLE telescope (Figures 1) consists of two off-axis parabolic mirrors in a Mersenne configuration. The off-axis
configuration eliminates any central obscuration, eliminating undesirable diffraction effects and sources of direct back
scattering into the lidar system receiver optical path. The size and mass constraints for any space-based coherent lidar dictate
that the system be considerably more compact than conventional configurations. This telescope fits within an envelope of
dimensions 38 x 32 x 33 ¢cm and weighs slightly less than 20 kg. To achieve such a compact package, a fast optical design was
employed which led to very tight fabrication and alignment tolerances.® The telescope is designed to have a full field of view of
80 microradians, an angular magnification of 25x, and a primary mirror aperture of 25-cm. The optical spacing between the
primary and secondary mirror is 22.5-cm with the input and output beam offset by 15-cm.
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Figure 1a. SPARCLE telescope spot diagram. Figure 1b. SPARCLE telescope wavefront aberration.

To maintain the critical relative alignment between the primary and secondary mirrors over a relatively large operational
temperature range and eliminate any misalignment due to differential thermal expansion, the telescope mirrors and its support
structure are all made of the same type of aluminum material. Thus, this telescope system is athermal since the changes in the



optical properties of the mirrors (radius of curvature, thickness, etc.) with temperature are perfectly balanced by the expansion
or contraction of the structural supports such that the system maintains its alignment.

Primary Mirror, Reference Surface

Fold Mirrors and Mounts

Secondary Mirror,
Reference Surface

Secondary Mirror Support Structure

Base Plate

Figure 1c. SPARCLE optomechanical design.

The telescope mirrors incorporate a number of alignment surfaces and precision pinholes for ease of alignment and integration
with the lidar transceiver. The primary mirror has a 7.0-mm wide reference surface on the edge of its optical surface and three
mounting pads, with optical-grade surfaces, on its back side. All four of the primary’s reference surfaces are diamond turned to
be parallel to each other and perpendicular to the virtual axis of the mirror’s parabola. The combination of these reference
surfaces and two precision pinholes establish the exact position and direction of the parabola’s axis. The secondary mirror also
has reference flat surfaces on the front and back. The primary mirror and the secondary support posts are mounted to an optical
baseplate. The top surface of the optical baseplate is diamond turned to generate a large flat optical surface to serve as a datum
plane and to further reduce any distortion that can result from attaching the primary mirror and the secondary mirror support
posts to the baseplate. The backside of the optical baseplate also has three flat and parallel pads for mounting to the lidar
transceiver without distorting the telescope alignment. Location and alignment of the transceiver beam to the telescope is
achieved through two mirror tip-tilt-stages and a linear stage on one mirror that together deliver 5 degrees of freedom.

Allowed Positional Errors
Mirrors spacing | 4.2 um
De-center 5.5pm
Tilt 23 prad

Figure 2. Assembled engineering model of the SPARCLE telescope.



The assembled engineering model of the SPARCLE telescope is shown in Figure 2. The telescope is shown mounted to a tip
and tilt stage that is not part of the telescope and is only intended to facilitate optical testing.

3. FABRICATION AND COMPONENT PERFORMANCE

The required wavefront quality necessary for efficient coherent detection necessitated a high level of surface figure accuracy on
the mirrors. Selection of aluminum for the mirror base material coupled with the aspheric surface geometry of the mirrors and
the required surface figure accuracy dictated the use of high precision single point diamond turning fabrication techniques.
However, the level of surface roughness that can be obtained from a diamond turned surface is too high for coherent lidar
application that requires a very low scattering and back reflection by the optics. To achieve the required surface roughness, the
mirrors were plated by a thin layer of nickel, before finish diamond machining, and then polished to reduce the diamond-
turning grooves.

The following summarizes the fabrication process of mirrors that involved several organizations including NASA/Marshall
Space Flight Center (MSFC), Lawrence Livermore National Laboratories (LLNL), and the University of Alabama in
Huntsville/Center for Applied Optics(tUAH/CAO). The mirrors were first rough machined to right dimensions and then stress-
relieved along with all the diamond turning fixtures. The mirrors were then diamond turned to generate the optical surfaces to a
figure accuracy of about one micron. Next, the mirrors were nickel-plated using an electroless plating technique. The nickel
plating of the primary mirror was performed at the NASA/MSFC and the secondary mirror was plated at Speedring, Inc. At
this stage the mirrors were prepared for the finish diamond turning. The finish diamond turning of the primary mirror was
performed on the Large Optics Diamond Tumning Machine (LODTM), at Lawrence Livermore National Laboratories, and the
secondary mirror was diamond turned at the NASA/MSFC and the UAH/CAO facilities. The primary mirror was post-polished
by Space Optics Research Labs (SORL) using a zone-polishing technique. The diamond turned secondary mirror, due to its
small size and symmetric shape, turned out to have a sufficiently small surface roughness, requiring no post-polishing. The
mirrors were then coated by a high purity alloy of gold, with a high reflectivity and durability, using a unique process
developed by Epner Technologies Inc.® Gold-plating increased the surface reflectivity at 2-micron wavelength to more than
98% for a circular polarized beam. The final surface figure accuracy and roughness of the mirrors were measured to be 0.1
micron peak-to-valley and 20 angstroms RMS, respectively.

An additional facet of the system performance is the magnitude of polarizance induced by the telescope on the transmitted and
collected light. The Epner Gold plating was ellipsometrically tested by J.A. Woollam’ and found to contribute from 0.04 to
2.41 degrees of retardance and from essentially 0% to less than 0.4% diattenuation across the pupil. Thus, incident circularly
polarized light exits the telescope as essentially unaffected circularly polarized light, as computed in Synopsys.8

The mirrors were thermally treated several times over the course of fabrication process to enhance their long-term stability and
ensure the desired performance in the thermal environment of space. The internal stresses in the mirror material were released
following the rough machining by performing a boiling water-liquid nitrogen treatment. In addition, the mirrors were stabilized
by thermally cycling them several times before and after nickel-plating. The last phase of thermal treatment was performed
over the specified telescope survivability temperature of —40C to 60C to minimize the risk of any misalignment due to
temperature variations on orbit.

4. SYSTEM PERFORMANCE

The performance of the telescope will be measured at both 633 nm and 2060 nm wavelengths. The all-reflective design of the
telescope allows the use of a commercial interferometer for measuring its wavefront quality. The wavefront quality
measurements provide the Zernike coefficients, which define all the contributing low spatial-order aberrations introduced by
imperfect fabrication and alignment. The Zernike coefficients from these measurements have been fed into a variety of
computer models for further analyses of the telescope’s anticipated behavior in the space environment. The computer models
utilized include ASAP (Advanced System Analysis Program) optical analysis code’ to simulate the thermal and vibrational
environments of the space for quantifying the impact of the temperature gradients and vibrations present within the instrument
canister (Figure 3).

A series of interferometric measurements of the assembled telescope were taken (Figure 4). Since the telescope is oriented in a
horizontal position, measurements were taken with the secondary assembly oriented at the top, right, bottom and left side to
allow for the subtraction of gravity induced distortions and bending. Based on this series of measurements, the telescope is



expected to perform to about 1/20 wave RMS at 2-micron in laboratory environment and about 1/15 wave at worse-case
thermal scenarios in space.

Figure 3. ASAP model of SPARCLE telescope.

) Oblique Plot 4

Figure 4. Interferometric measurements.
5. ENVIRONMENTAL TESTING

To meet space-qualified requirements, the SPARCLE telescope must undergo both thermal and vibration testing. Both tests
are performed at NASA/MSFC with wavefront quality as the final merit function. In this section, we briefly discuss the setups
(Figure 5) and current results for the testing of the first engineering model telescope. The testing is ongoing and the results
presented here are preliminary in nature.

The telescope thermal tests were performed over its specified operational and survivability temperature ranges of 0 to 25 deg.
C and -40 to 60 deg. C, respectively. For the operational thermal test, the telescope was cycled five times over the operational
temperature range plus 5 degrees margin at both extremes, and twice from -10 deg. C to +35 deg. C. The telescope
performance was continuously monitored by a phase-shift interferometer and its wavefront quality was recorded at 10 degrees
intervals. The telescope maintained its alignment well over the whole measurement range. The wavefront quality changes



from -10 deg. C to +35 deg C were less than 0.02 rms wave at 2.05 microns. The telescope was then cycled four times over its
survivability temperature range and its wavefront quality was measured displaying no change in its performance.

The telescope is currently being tested for survivability through launch loads. A sine sweep at 1/4g from 5 to 2000 Hz has
already been applied in each of the telescope axes to determine its natural frequency. The natural frequency of the telescope
was measured to be about 240 Hz along its optical axis (Z-axis) and 140 Hz in X and Y axes that are well beyond the 100 Hz
design goal. The telescope is currently being prepared for a random vibration test at space shuttle qualification levels. The
telescope will be vibrated along each of its orthogonal axes with a random spectrum having a composite load of 7.0g rms from
20 to 2000 Hz.

SPARCLE Telescope ..
—— g

Figure 5. SPARCLE telescope under test.

6. CONCLUSION

The manufacturing of the SPARCLE telescope required careful consideration of all the competing performance, physical, and
environmental requirements. Its design, fabrication, integration, and testing are particularly challenging for a coherent lidar
instrument because of its sensitivity to wavefront quality. The development of SPARCLE telescope provided a valuable
opportunity in understanding, baselining, and addressing the issues associated with a space-based lidar telescope and
establishing a process for its space-qualification. The engineering model SPARCLE telescope has good wavefront quality and
is capable of operating over a relatively large temperature range while tolerating the presence of considerable temperature
gradients across its support structure and primary mirror. A number of optical and mechanical models have been developed for
specifying the SPARCLE telescope fabrication and alignment tolerances, validating its design in withstanding the vibrational
launch loads and operating over the anticipated temperature range. These analytical tools will be further adjusted for analyzing
the results of the performance and environmental tests and predicating the telescope performance in orbit.
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